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furitic Constituents Associated with Bituminous Coal 
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INTRODUCTION 


Most bituminous coal mine effluents are quite acid 
and contain, along with other ions, considerable ferrous 
iron. The acid is sulfuric, and the iron is present as the 
sulfate; both are oxidation products of iron sulfides 
which are present in the form of pyrites, marcasites, 
or other sulfuritic compounds. 

The oxidation occurs, in the absence of moisture, 
according to the following reaction: 


Fes, + 3¢ Jo —> FeS( )s +. s( )o 
or, in the presence of moisture, as follows: 
2FeS. + 7 O2 + 2H2O — 2 FeSO, + 2HSO, 


The ferrous sulfate is further oxidized by bacteria and 
by atmospheric oxygen whenever free sulfuric acid is 
present: 


4FeSO, + 2H.SO, + O. —> 2Fe.(SO,)3; + 2H.O 


The ferric sulfate is hydrolyzed to basic ferric sulfates, 
the ratio of iron, hydroxyl, and sulfate depending upon 
the dilution and acidity during hydrolysis. The manner 
of hydrolysis is represented by the reaction: 


Feo(S¢ )a)3 a 2H.¢ pers 2Fe(OH SC ds a H.SO, 


Actually, the hydrolysis may proceed until practically 
complete with formation of ferric hydroxide, Fe(OH);. 
The buffer capacity of the streams has an additional 
determining effect upon the extent of hydrolysis. In 
the absence of acid, ferrous sulfate, also, is oxidized 
to basic ferric sulfate: 


4FeSO,; + O2 + 2HL0 — 4Fe(OH)SO, 


The characteristic red to yellow deposits (‘yellow 
boy”’) found in the bed and along the banks of the so- 
called ‘sulfur’, or ‘‘red water” streams, are composed 
of basic ferric sulfates and ferric hydroxide. 

The rapidity with which these reactions occur sug- 
gested the participation of bacteria, or some chemical 

1 This contribution is one of a series of papers by the Mul- 
tiple Fellowship on Mine Acid Control sustained at Mellon 
Institute by the Sanitary Water Board, Department of Health, 
Commonwealth of Pennsylvania. 


catalyst. Indeed, Carpenter and Herndon (1933) sug- 
gested that bacterial activity by some sulfur oxidizing 
organism might explain, in part, the high acidities 
usually encountered in bituminous coal mine drain- 
age. By chemical theory alone, they maintained, it was 
difficult to explain the rapid formation of acid in mines. 
Colmer and Hinkle (1947) postulated that Thiobacillus 
thiooxidans, or an unknown similar organism, was in- 
volved in the oxidation of sulfur and sulfur compounds 
in coal to form sulfuric acid. The same authors observed 
an unidentified bacterium to oxidize ferrous iron rapidly 
to the ferric state in acid mine waters. 

Leathen and Madison (1949) obtained 7’. thiooxidans 
in pure culture in elemental sulfur medium from all of 
the acid mine effluents examined. Iron oxidizing bae- 
teria were isolated, also in pure culture, by the use of 
a new inorganic medium containing ferrous iron. This 
medium failed to support the growth of 7’. thtooxidans 
and was better suited for study of oxidation of ferrous 
iron than media containing ‘‘natural’’? mine water. 

The present study was designed to determine the 
role of both sulfur and iron oxidizing bacteria in acid 
formation from museum grade pyrite and marcasite, 
and from “sulfur balls”, the most common sulfuritice 
constituent of bituminous coal. The role of 7. thiooxi- 
dans in acid formation is reported herein, while the 
role of iron oxidizing bacteria isolated by us is the sub- 
ject of Section II of this report. 


MATERIALS AND METHODS 


The most common sulfuritic constituents associated 
with bituminous coal are the so-called ‘sulfur balls’’. 
These are concretions of varying size and are composed 
principally of iron disulfide (FeS.). Often, the same 
sulfides are in thin layers throughout the coal seam, and 
are Otherwise known as pyrites or marcasites. 

This material, museum grade pyrite, and marcasite 
were prepared, respectively, by crushing to a particle 
size which would pass a No. 8 sieve, but was retained 
on a No. 18 sieve (A.S.T.M. E£11-39). The particles 
were therefore, by approximate measurement, less than 
0.094 inches and greater than 0.039 inches in diameter. 
The graded material was washed free of ferrous iron, 
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or until only a trace went into solution after standing 
in distilled water overnight. The same sulfur ball 
mixture was used throughout the experiment, permitting 
an accurate comparison of results. All substrates re- 
mained at room temperature, under static conditions, 
for the duration of the experiment. 

Actively growing cultures of T. thiooxidans were 
used for inoculation of the various substrates. The 
cultures were isolated from acid mine effluents by the 
use of Waksman’s elemental sulfur medium and acid 
thiosulfate agar (Waksman and Joffe, 1922). Stock 
cultures have been maintained in our laboratory for 
over two years by monthly serial transfers, and in 
every aspect were typical of the species. Sulfuritic 
materials were not used in media for the isolation, or 
the maintenance of the cultures. 

The graded sulfur ball material was included in 
Waksman’s elemental sulfur medium and in the inor- 
ganic salt solution of the medium without elemental 
sulfur. The complete medium was composed as fol- 
lows: 


(NH,)oSO, : 


Ro bitds ep ohea ks ae oe 0.20 g 
i _. COE Seid Waa Pary 3.00 g 
cad vewacanss _ 0.50¢ 
CaCls-6H.O Saree bigest ss ous 0.25 4 
Sulfur, powdered. ....... pasleesices ae ae 
istalied water.................. . 1000 ml 


Sterilization was accomplished by steaming for 30 
minutes on three consecutive days. 

To ascertain the role of 7. thiooxidans in the forma- 
tion of acid from sulfuritic materials, the following 
experiments were performed. Elemental sulfur medium 
containing 50 grams of sulfur ball material per liter 
was prepared in 2 L Erlenmeyer flasks. Each of five 
flasks was inoculated with 50 ml of a 3-week culture of 
T. thiooxidans. Five identical uninoculated flasks served 
as controls. 

Waksman’s medium, omitting elemental sulfur, but 
including 50 g of sulfur ball material per liter, was 
prepared in 1 L quantities in 2 L Erlenmeyer flasks. 
The sulfur ball material served as the source of sulfur 
for oxidation by the bacteria. Each of five flasks was 
inoculated with 50 ml of the 3-week culture of T. 
thiooxidans as before. Five identical uninoculated flasks 
served as controls. 

A medium to determine the effect of bacteria on 
museum grade pyrite and marcasite was prepared as 
follows: 


(NH,):80,..... ecco SRB 
KCl . ; 0.025 g 
MgSO,:7H;0...... 0.250 g 
J Oe ee 0.025 g 
Ca(NOQ;j)s....... ak .. 0.005 g 
Pyrite or Marcasite (Graded) . Be 


Distilled water. . 500 ml 
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The medium was sterilized by autoclaving for 15 :nin- 
utes at 15 psi. 

Replacement of the sulfuritic material, pyrite or 
marcasite, with powdered sulfur provided a medium 
satisfactory for the growth of 7. thiooxidans. \\ hen 
inoculated with typical strains, it became cloudy within 
a few days, and acidity increased with a correspoti ling 
drop in pH. The reactions were indicative of the |ac- 
terial oxidation of elemental sulfur to sulfuric acid 

Two flasks were inoculated with 5.0 ml each of a 
culture of 7. thiooxidans. One flask was uninoculated 
and served as a control. 

The effect of the same strain of T. thiooxidans on 
marcasite, a sulfuritic material with another crystalline 
structure, was demonstrated in the final experiment. 
Two flasks were inoculated with 5.0 ml each of the 
culture; one uninoculated flask served as the control. 

Samples for chemical analyses, consisting of total 
acidity, ferrous iron, RO; (tri-valent oxides of iron 
and aluminum), sulfate, and pH were taken at periodic 
intervals throughout the experiment. The original 
analyses were made after sterilization and inoculation, 
whenever inoculations were made. A 50 ml sample was 
removed for each determination, except for pH which 
was determined electrometrically with the small elec- 
trodes of a Beckman pH meter. Each time samples 
were taken during the first ten weeks, the volumes were 
brought back to the original, aseptically, by the addi- 
tion of the mineral base. After ten weeks, the volume 
was not returned to that of the original. Final analyses 
were made at either the 22-, 30- or 56-week period. 

The results of the chemical analyses are reported in 
moles. The initial analyses are reported in the tables 
at zero time, and represent actual values for each 
constituent. At the other sampling periods, only the 
net change is recorded; a plus (+) sign indicating an 
increase, and a minus (—) sign, a decrease. 

At the end of each experiment, microscopic examina- 
tions of the inoculated substrates, using phase contrast, 
revealed microorganisms. Ten ml of each substrate was 
transferred, in duplicate, to fresh elemental sulfur 
medium. After 30 days’ incubation at room tempera- 
ture, subcultures made from the inoculated flasks ap- 
peared cloudy, and the pH often went below 1.0. Trans- 
fers made from uninoculated controls to fresh sulfur 
medium remained clear and maintained a pH above 
3.0 throughout the 30-day incubation period. 


RESULTS 


Each experiment, unless stated otherwise, was per- 
formed in quintuplicate, the analyses averaged, and 
reported by difference to indicate the net change in 
ach constituent. After sterilization, small amounts of 
ach constituent were present, regardless of the thor- 
oughness of the washing procedure. Also, some constitu- 
ents were introduced with the inoculum, but each 
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experiment was put on a comparative basis by the 
subtraction of the original analysis which was always 
made after inoculation. Only the changes attributable 
to the effect of bacteria on, or to the normal chemical 
activity of, the sulfuritic material were considered. 
The results of the chemical analyses for acidity and 
sulfate are reported in tables 1 and 2, respectively. 
The only changes observed in ferrous iron and RO; 
concentrations were those attributable to well estab- 


The failure of 7. thiooxidans to enhance the chemical 
activity of sulfur ball material was demonstrated by 
the next experiment. Sulfur ball material included in 
the mineral solution of Waksman’s medium served 
as the only oxidizable form of sulfur. Practically identi- 
cal changes occurred in both the uninoculated and 
inoculated substrates. The initial reaction (pH) was 
3.8 to 4.0. After 56 weeks, the pH range was 1.4 to 1.5 
for both the inoculated and uninoculated substrates. 


TaBLe 1. Titratable acidity produced by Thiobacillus thiooxidans from various sulfur substrates 


Reported in Moles 





INOCULATION WITH 
T. THIOOXIDANS 


MEDIUM SUPPLEMENT 


Elemental Sulfur -+- 


Sulfur Ball — 


ae 
S + Sulfur Ball _ 
ao 
Pyrite — 
Ac 
Mareasite = 
ne 


INCUBATION, WEEKS 





0 10 22 30 56 


0.0141 +0.0746 +0.0827 = == 


0.0107 +0 .0038 +0.0012 +0.0177 +0.0879 
0.0111 +0.0061 +0.0128 +0.0189 +0.0905 
0.0116 +0 .0034 +0.0103 = a 
0.0136 +0 .0468 +0 .0949 — — 
0.0006 +0.0007 +0 .0004 +0.0010 <a 
0.0020 —0.0007 —(.0004 +0 .0009 — 
0.0032 —0.0012 +0.0015 +0.0055 == 


0.0047 +0.0021 +0 .0053 


+0.0156 —_ 


TABLE 2. Sulfate produced by Thiobacillus thiooxidans from various sulfur substrates 


Reported in Moles 





INOCULATED WITH 
T. THIOOXIDANS 


MEDIUM SUPPLEMENT 


Elemental Sulfur of 


Sulfur Ball = 


Ee 
S + Sulfur Ball — 

ue 

Pyrite — 

ee 

Marcasite - 

. + 


lished chemical reactions. None of the strains of T. 
thioovidans used in the study influenced the ferrous- 
ferric iron ratio in media containing sulfuritic materials. 
The hydrogen ion concentrations increased with in- 
creases in acidity and sulfate, often the pH dropped as 
low as 1.0 in inoculated media containing elemental 
sulfur. 

The increase of both the acidity and sulfate by the 
oxidation of the elemental sulfur of Waksman’s medium 
by a typical strain of 7’. thiooxidans was demonstrated. 
The pH dropped to 1.1 during the 22-week period. 


INCUBATION, WEEKS 


0 10 22 30 56 


0.0065 +0 .0652 


+0 .0872 — = 


0.0042 +0 .0037 +0.0125 +0.0207 +0.1103 
0.0059 +0 .0037 +0 .0132 +0.0203 +0.1105 
0.0044 +0 .0039 +0.0101 = —— 


0.0065 +0 .0453 +0 .0937 
0.0032 


0.0037 


+0.0011 
+0.0014 


+0.0030 
+0.0016 


+0.0017 = 
+0 .0023 =a 


0.0058 
0.0066 


+0.0013 
+0 .0040 


+0 .0040 
+0.0071 


+0 .0076 = 
+0.0136 a 


Other typical strains of 7. thiooxidans isolated from 
acid mine effluents and one obtained from Dr. Robert 
L. Starkey were used to inoculate similar media. The 
results, within limits of experimental error, were identi- 
eal. 

The next experiment demonstrated the effect of the 
bacteria on the elemental sulfur of Waksman’s medium 
in the presence of sulfur ball material (table 2). The 
chemical activity of the sulfur ball material was ob- 
served in the uninoculated control. Greater increases 
occurred in the inoculated substrates. 
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It is considered of particular significance that the 
final increases in sulfate and acidity in the inoculated 
sulfur-sulfur ball substrate are equal, within the limits 
of experimental error, to the combined increases in 
the inoculated sulfur medium and that attributed to 
the chemical activity of sulfur ball material. The pH 
dropped from 3.6-3.7 to 1.0-1.2 in the inoculated 
substrates, and to 2.4-2.5 in the uninoculated controls. 

The effect of 7. thiooxridans on pyrite, chemically a 
very inactive form of sulfuritic material, was deter- 
mined. Bacterial oxidation was not indicated by our 
experimental method. 

The substrate containing museum grade marcasite 
inoculated with 7. thiooxidans did show an increase in 
both acidity and sulfate. The pH dropped from 3.7 to 
2.6 in the sterile controls, and to 2.1 in the inoculated 
substrates. 


DISCUSSION 


The failure of 7. thiooridans to enhance acid forma- 
tion from sulfuritic materials, other than marcasite, 
leads us to postulate, that the crystalline structure of 
the sulfuritic material affects the rate of acid formation 
in bituminous coal mines. At the present time it ap- 
pears unlikely that materials satisfactory for oxidation 
to sulfuric acid by this bacterium are present in suffi- 
cient quantities to account for the high acidities of 
mine effluents. However, some crystalline forms of 
FeS,. may be susceptible to oxidation by this bacterium, 
accounting for the presence of 7. thiooridans in acid 
mine effluents. 


AND McINTYRE 


SUMMARY 


The role of Thiobacillus thiooxidans in the formation 
of acid from sulfuritic materials was determined by 
comparison of inoculated and uninoculated substr: tes 
containing sulfuritic materials. The most common 
sulfuritic constituent associated with bituminous coal 
and related rock strata, ‘sulfur balls’’, as well as mu- 
seum grade pyrite and marcasite were included in 
substrates. The microorganisms were recovered from 
all inoculated solutions by subculturing in elemental 
sulfur medium at the termination of each experiment. 

Changes in the substrates were followed by periodic 
chemical analyses for acidity, ferrous iron, R2O; group, 
and sulfate and pH for periods up to 56 weeks. 

The bacterium increased the acidity and the amount 
of sulfate when the medium contained elémental sulfur. 
Some acid was produced from museum grade marcasite. 
The bacterium failed to produce acid from “sulfur 
balls” or museum grade pyrite. 
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Many bituminous coal mine effluents contain, along 
with other ions, high concentrations of ferrous iron. 
This is brought into solution by sulfuric acid produced 
by the oxidation of sulfuritic material, possibly iron 
sulfides in part, occurring with bituminous coal (Leathen 
et al., 1952). The ferrous iron is oxidized by bacteria to 
the ferric state at a more rapid rate than can be ac- 
counted for by a strictly chemical reaction. 

Colmer and Hinkle (1947) observed an unidentified 
bacterium rapidly oxidized the ferrous iron of sterilized 
mine water to ferric iron. Leathen and Madison (1949) 
found that the ferrous iron of acid mine water contain- 
ing 350 ppm ferrous iron was completely oxidized by 
bacteria in five to eight days. Only 48 per cent of the 
ferrous iron of bacteria-free solutions that contained 
the same amount of ferrous iron was oxidized in two 
years. Pure cultures of bacteria, capable of rapidly 
oxidizing ferrous iron, were isolated by the use of a 
synthetic inorganic medium closely resembling acid 
mine water (Leathen eé al., 1951). 

“Sulfur ball” material containing FeS: is the most 
common sulfuritic constituent of bituminous coal 
seams and related rock strata. This undergoes slow 
chemical oxidation. Leathen and Braley (1950, 1951) 
reported that pure cultures of the iron oxidizing bac- 
teria effected a several-fold increase in the amounts of 
acid and sulfate formed from the “sulfur balls’. It was 
found (Leathen and Braley, 1952) that pure cultures 
of the iron oxidizing bacteria dissociated from the 
mucoid to the smooth phase, with the latter phase 
losing the ability to oxidize ferrous iron rapidly. Re- 
cently, iron oxidizing bacteria have been isolated by 
Beck (Personal Communication) from Bingham Can- 
yon, Utah. 

The isolation of iron oxidizing bacteria by the use of 
a “natural” mine water medium was reported by 
Colmer, Temple, and Hinkle (1950). Many properties 
of the microorganism such as the oxidation of thiosulfate 
to sulfurie acid closely resembled those of the genus 

This contribution is one of a series of papers by the Mul- 
tiple Fellowship on Mine Acid Control sustained at Mellon 
Institute by the Sanitary Water Board, Department of Health, 

‘ommmonwealth of Pennsylvania. 


Thiobacillus. Temple and Colmer (1951) suggested the 
specific name, Thiobacillus ferrooxidans, n.sp. We pre- 
fer, however, to await the outcome of our dissociative 
and physiological studies before suggesting a classifi- 
‘ation for the bacteria used in the present study? 

It is the purpose of this report to demonstrate the 
effect of our iron oxidizing bacterium on the normal 
chemical oxidation of. ferrous sulfides present in bi- 
tuminous coal mines as pyrites, marcasites, or other 
sulfuritic iron compounds. Sulfuric acid produced by 
these bacteria may contribute, in part, to the high acid 
content of many bituminous coal mine effluents. 


MATERIALS AND METHODS 


Materials associated with bituminous coal known as 
“sulfur balls”, museum grade pyrite, and museum grade 
marcasite were used in this study. All three are com- 
posed principally of iron disulfide. The sulfur balls are 
more reactive chemically than the other two forms. 
The materials were prepared by crushing to a particle 
size which would pass a No. 8 sieve, but was retained 
by a No. 18 sieve. Therefore, by approximate measure- 
ment, the particles were less than 0.094 inches and 
greater than 0.039 inches in diameter. The graded 
material was washed free of soluble ferrous iron, or 
until only a trace went into solution after standing in 
distilled water overnight. The same “sulfur ball” 
mixture was used throughout the experiment. 

Cultures of iron oxidizing bacteria were isolated and 
maintained in the following liquid medium, the com- 
position of which compares favorably with the major 
chemical constituents of acid mine effluents. 


(NH4)2SO,4 Bie ite as a) AS REAP. & ler ad ale, elurm Lain aided emia el Brahe 0.15 g 
OED ee TenS eects ce na a 0.05 g 
sk iis eeweua S 0.50 g 
RS et ioe ok . 0.05 g 
ESTE) SE ae Se ar Oe MS eee at ea 0.01 g 


PORTER OMIM eo oo odie aoc rade See as 1000 ml 


? Cultures have been exchanged with Dr. Temple to com- 
pare the characteristics of each microorganism. Thus far, the 
microorganism isolated by Temple appears to be identical with 
some strains isolated by us. We, however, cannot attribute 
thiosulfate oxidation under acid conditions to either micro- 
organism. The comparison is still in progress. 
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Sterilization is accomplished by autoclaving for 15 mineral solution, after removal of the sample. for 
minutes at 15 psi. chemical analyses. Thereafter, the volume was not :nade 
A stock solution of ferrous iron is prepared as fol- up to the original. Most experiments were prepared jn 
lows: quintuplicate. The chemical analyses were aver:iged, 
" and the results reported by difference to obtai: the 
Uo © a aa 10 g : je : ‘ 
hin 100 ml net change in each constituent attributable to bacierial 
activity in the substrate. The results of the chemical 
This solution is sterilized by filtration, using either analyses are reported in moles. The original an:\lyses 
Berkefeld, Seitz, or Fisher-Jenkins filters. If refrigerated, are reported at zero weeks, while at the other sampling 
the solution will remain sterile and without appreciable periods, only the net change is recorded; a plus (+) 
oxidation for several weeks. sign indicating an increase, and a minus (—) sign, a 
After the autoclaved basic medium cools, 10 ml of decrease. 
the 10 per cent ferrous sulfate solution per liter of : 
base is added aseptically. The medium used for main-— EXPERIMENTAL RESULTS 
tenance of stock cultures of our iron oxidizing bacteria Only changes in acidity and ferrous iron are tabulated 
consisted of 100 ml aliquots in 250 ml Erlenmeyer in tables 1 and 2, although sulfate and R.O; determina- 
flasks. The completed medium has a pH of 3.5. The tions were made. The sulfate analyses always corre- 


TABLE 1. Titratable acidity produced by tron oxidizing bacteria from various substrates 


Reported in Moles 


INOCULATION WITH INCUBATION, WEEKS 
MEDIUM SUPPLEMENT IRON OXIDIZING - : 
BACTERIA 0 2 4 10 22 30 
FeSO, ~ 0.0053 - _ —0.0001 | —0.0004 
+ 0.0050 ~ — — —0.0002 —0.0002 
Sulfur Ball “— 0.0014 +0.0014 +0.0022 +0.0053 +0.0210 +0.0415 
+ 0.0017 +0.0011 +0.0019 +0 .0072 +0.0618 +0. 1268 
FeSO, + Sulfur Ball “ 0.0051 +0.0020  +0.0024  +0.0054 +0.0139 
+ 0.0051 +0.0019 +0.0038 +0.0127 +0.0718 
Pyrite _ 0.0006 +0.0007 +0.0007 +0.0004 +0.0010 
+ 0.0009 +0 .0004 +0 .0003 +0 .0002 +0.0011 
Marcasite _ 0.0033 —().0008 —0.0012 +0.0015 +0 .0055 
+ 0.0035 —(.0007 +0.0017 +0.0083 +0 .0257 
ferrous iron oxidizing bacteria used in this experiment sponded, within the limits of error, to the acidity. The 
were isolated from bituminous coal mine effluents. The concentration of the tri-valent oxides (R:O3) varied 
pure cultures have been maintained in this medium with the chemical activity of the sulfuritic material 
by weekly serial transfers over a period of two years. and the ability of the bacterium to oxidize ferrous iron. 
The medium was used in 1 L amounts in 2 L Erlen- Ferrous iron medium, without sulfuritic iron, was 
meyer flasks each containing 50 g of graded sulfuritic inoculated with a 7-day culture of iron oxidizing bac- 
material to test for acid formation by the iron oxidizing teria, and demonstrated the oxidation of ferrous iron 
bacteria. In some experiments the addition of the to the ferric state without an appreciable increase in 
ferrous sulfate was omitted, and only the basic medium, acid (table 1) or sulfate. The pH of the inoculated 
consisting of the autoclaved salts, was used. medium dropped from 3.8 to 2.5, and may be attributed 
Determinations were made for total acidity, ferrous to differences in hydrolysis and buffer action of the 
iron, R.O; (tri-valent oxides of iron and aluminum), ferrous and ferric iron salts. 
sulfate, and pH at periodic intervals throughout the The inorganic base of the ferrous iron medium, with 
experiment. The original analyses were made after sulfur ball material as the only source of ferrous iron, 
sterilization and inoculation. All determinations were was inoculated with the same 7-day culture of our iron 
made on 50 ml samples. The reaction (pH) was deter- oxidizing bacteria. The results indicated that all of the 
mined electrometrically. During the first ten weeks ferrous iron going into solution from the sulfur ball 
of the experiment, the substrates were returned to the material was oxidized throughout the first 14 weeks of 


original volume by the addition of fresh media, or the experiment, only a trace being present at each 
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sampling period. However, at the 22- and 30-week 
sampling periods, the ferrous iron increased at a rate 
greater than that of the uninoculated control. There 
were corresponding changes in the RO; group. The 
three-fold increase in the acidity of the inoculated 
substrate over that of the sterile control was accom- 
panied by a pH decrease from 3.6 to 1.2. The pH of the 
control dropped to 1.6 (table 2). 

Ferrous iron medium with sulfur ball material was 
inoculated with 10 ml. of the culture. The results indi- 
eated a five-fold increase in both the acidity and sulfate 
of the inoculated flasks. The ferrous iron included in 
the substrate, and that normally formed by chemical 
oxidation of the sulfur ball was completely oxidized 
throughout the first ten weeks of the experiment. Dur- 
ing the latter part of the experiment, the ferrous iron 
increased somewhat in the inoculated flasks. The in- 


inoculated with 5.0 ml of our iron oxidizing bacteria. 
The iron oxidizing bacteria caused almost a five-fold 
increase in both acidity and sulfate of the substrate 
containing marcasite. The ferrous iron and the RO; 
group of the uninoculated control rose only slightly, 
and in accordance with well-established chemical re- 
actions. However, in the inoculated flasks, the ferrous 
iron in solution was readily oxidized and did not increase 
throughout the 30-week period. At the same time there 
was an increase in the R.O; group, eight times greater 
than in the uninoculated control, giving evidence that 
bacteria oxidized the ferrous iron of marcasite. 

At intervals during each experiment, and at the 
termination of the experiment, the viability of the 
microorganisms was verified by subculturing in fresh 
ferrous iron medium. The rapid oxidation of ferrous 
iron was evidence of vegetative cells in every experi- 


TABLE 2. Oxidation of ferrous tron by iron oxidizing bacteria in various substrates 


Moles Ferrous Iron 


INOCULATION WITH 


MEDIUM SUPPLEMENT IRON OXIDIZING 


BACTERIA 0 
FeSO, - 0.0035 
oe 0.0035 
Sulfur Ball a 0.0001 
+ 0.0001 
FeSO, + Sulfur Ball _ 0.0028 
+ 0.0034 
Pyrite - 0 
+- 0 
Marcasite - 0.0007 
ms 0.0002 


crease, however, was not so great as in the uninoculated 
control. There was an increase in R,O; in accordance 
with the oxidation of ferrous iron. 

Several other strains of iron oxidizing bacteria in a 
similar medium gave identical results. 

Museum grade pyrite was included in a solution of 
the inorganic salts (except ferrous sulfate) of the ferrous 
iron medium. The substrates were inoculated with 
5.0 ml each of the iron oxidizing bacterium. The iron 
oxidizing bacteria did not cause any change in the 
normal chemical activity of museum grade pyrite. 
Subcultures made at the 30-week period by transferring 
10 ml from each substrate to fresh ferrous iron medium 
demonstrated the survival of very few microorganisms, 
as evidenced by the very slow oxidation of the ferrous 
iron. 

Museum grade marcasite was used in the inorganic 
sali solution, without ferrous sulfate, the same as the 
pyrite in the foregoing experiment. Two flasks were 


INCUBATION, WEEKS 


is) 


4 10 22 30 


—0.0009 
—0.0035 


—0.0009 
—0.0035 


+0 .0005 +0.0009 +0 .0025 +0.0098 +0.0209 
+0.0004 +0.0009 0 +0.0171 +0.0768 
+0.0013 +0.0017 +0.0033 +0.0079 - 
—0.0034 0 0 +0.0054 — 
— 0 0 0 0 
— 0 0 0 0 
—0.0003 —0.0003 +0 .0007 +0 .0022 
—0.0002 0 0 0 


ment, except, as mentioned previously, that experiment 
using museum grade pyrite. 


DISCUSSION 


The results of the experiments reported herein 
demonstrated that the unclassified ferrous iron oxidiz- 
ing bacteria isolated by us enhanced by several-fold 
the acid produced from sulfur ball material and mu- 
seum grade marcasite. Museum grade pyrite was prac- 
tically inactive chemically, and was not affected by the 
iron oxidizing bacteria. 

The growth of the bacteria in ferrous iron media, 
without sulfuritic material, did not contribute to any 
increase in acidity or sulfate. Thus, the several-fold 
increase in acidity of inoculated substrates is attributed 
to the action of bacteria on the sulfuritic material. 

It appears that as long as the optimum conditions 
for bacterial growth are maintained, the bacteria 
appreciably accelerate acid formation from sulfur ball 
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material. It may be assumed, therefore, that in nature 
where conditions are not static, but constantly fluctuate 
within the optimum conditions for growth of this bac- 
terium, the amount of acid attributable to such bacterial 
activity may be of tremendous importance. 


SUMMARY 


Some as yet unclassified bacteria isolated from bi- 
tuminous coal mine effluents were tested for oxidation 
of ferrous iron as well as sulfur contained in “sulfur 
ball” material and museum grade marcasite and museum 
grade pyrite. These bacteria oxidize ferrous iron in 
acid solutions. The bacteria produced acid and formed 
sulfate from sulfur ball material and museum grade 
marcasite buc had no effect on pyrite. Acid production 
by bacteria may, in part, cause the high acidities en- 
countered in many bituminous coal mine effluents. 
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Laboratory shakers generally available for fermenta- 
tion studies are suitable for experiments wherein all 
nutrients are supplied initially or in several large frac- 
tions. Since continuous or increment feed schedules are 
essential in the production of bakers’ yeast, an appropri- 
ate assembly was designed and constructed for opera- 
tion with a Gump rotary shaker. Its satisfactory, low- 
cost operation during the past two years has prompted 
a description of component parts to promote its adap- 
tation to other applications. 

‘The increment-fed shaker system, shown in figure 1, 
is comprised of two principal parts: the shaker, and the 
superstructure bearing the feeding unit with actuating 
cams driven by a synchronous motor through a reduc- 
ing gear assembly. 

On the platform of a Gump shaker are fixed 40 metal, 
rubber-lined seats to fit one-liter Florence flasks which 
are held firm by wooden braces anchored to the plat- 
form with a bolt and wing nut arrangement. The pyrex 
culture flasks are indented at selected points to achieve 
effective aeration. With the shaker operating at 240 


rpm, our medium with a flask having eight indenta- 
tions shows an oxygen uptake of 0.2 mm QOz/liter/min 
as determined by sulfite oxidation. A flask with 30 
indentations under the same conditions results in an 
uptake of 5.3 mm O,/liter/min. 

The solution to be fed into the culture flask is held 
in a standard 50 ml syringe containing a small stainless 
steel spring to oppose the fall of the barrel. Pressure 
from the feed bar motivated by the cam gang forces 
the solution through the needle of the syringe into a 
thistle tube fitted with flexible tubing for delivery to 
the flask on the shaker platform. 

The cams are driven by a “Master” Gearmotor' 
with a coordinated shaft. This motor is located on a 
movable platform to permit easier disengagement and 
realignment of the cam arrangement at the start and 
at selected intervals of an experiment. Cam design is 
dependent upon the rate of feed and the 
‘apacity of the syringe serving as a reservoir for the 


desired 


nutrient solution. The cams shown in figure 1 permit 


' The Master Electric Co., Dayton, Ohio. 
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Fig. 1. 


Continuous feeding system: (A) Gearmotor, (B) 
Cam gang, (C) Cam follower, (D) Feed bar, (E) Adjustable 
contact point, (F) Syringe rack, (G) Syringes, (H) Thistle 
tube, (J) Flexible tubing, (K.) Culture flasks with indentations, 
(L) Lined seat, (M) Shaker table. 


a 20-hour interrupted cycle with total delivery of 50 
ml of nutrient solution. 

Operating procedure for a typical bakers’ yeast 
fermentation is given for illustrative purposes. Flasks 
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are charged with the seeded medium and fastened to 
the shaker platform. Thistle tubes are inserted into 
holes in the platform and connected with flexible 
tubing, the free ends placed temporarily into one of 
several waste receptacles until final adjustment of 
syringe tension is made. Syringes: assembled with 
springs are filled with nutrient solution, needle attached, 
air excluded, and mounted in the syringe rack; the 
movable unit consisting of the thistle tube receiver 
and syringe rack is slid under the feed bar. The cam 
assembly is turned manually until the cam followers are 
at the zero position of the cam; and then the motor 
gears are engaged with the cam shaft gear. Thumb 
screws on the feed bar are adjusted to assure contact 
with the top of the syringe barrel. After flushing the 
thistle tube and delivery lines with sterile water, the 
delivery tubes are inserted into the flasks and secured 
by means of alligator clips. Shaker and cam motors are 
started simultaneously. 

Although designed for operation as a quasi-sterile 
open fermentation system, minor alterations of some 
components of the feeding arrangement will permit 
satisfactory continuous or increment-fed fermentations 
in a closed or aseptic system. 
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SUMMARY 


A cam driven continuous feeding assembly is de- 
scribed which has been employed successfully in labora- 
tory study of yeast growth in agitated flasks. 
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INTRODUCTION 


Quastel, Hewitt and Nicholas (1948) carried out 
pot and field experiments to compare the effects of 
administration of thiosulphates and sulphur on the 
incidence of manganese deficiency in oat, beet and pea 
grown in manganese deficient soils. They showed that 
thiosulphate treatments increased the manganese 
uptake by the plants, reducing the symptoms of man- 
ganese deficiency. This was particularly true with 
beet, whose growth was stimulated by placement 
treatment of thiosulphate on a manganese deficient 
soil. Thiosulphate exerted a similar effect to that of 
sulphur, but far more rapidly and without appreciable 
change of pH of the soil. The action of sulphur in 
liberating divalent manganese in soil was, doubtless, 
partly due to thiosulphate formation. Peas were se- 
verely damaged when thiosulphates were applied as 
broadcast dressings on soil, showing marked contrast 
to beet in this respect. Audus and Quastel (1947), 
studying the effects of low concentrations of sodium 
thiosulphate on the germination and growth of plants, 
showed that root growth of pea, cress and cabbage was 
greatly inhibited by low concentrations of thiosulphate 
whilst that of carrot, for example, was relatively in- 
sensitive. Sodium dithionate and potassium trithionate 
were much less effective than sodium thiosulphate at 
equivalent concentrations. These investigations of the 
effects of sulphur and sulphur compounds on plant 
growth prompted the present enquiry into the various 
factors that control thiosulphate breakdown in soil. 

Much is becoming known of the biological trans- 
formations undergone by sulphur in soil (see reviews 
by Starkey (1950), and Bunker (1936). Guittoneau 
(1927) and Roach (1930) have shown that sulphur 
may undergo biological attack with the formation of 
thiosulphate, and Guittoneau and Keilling (1932) have 
found that heterotrophic organisms may transform 
sulphur into thiosulphate and _ tetrathionate. The 
autotrophs Thiobacillus thiooridans and Thiobacillus 
thioparus accomplish the oxidation of thiosulphate 
to sulphate and sulphur, whilst a variety of heterotrophs 
oxidise thiosulphate to tetrathionate (Starkey, 1934). 
Lockett (1914), many years ago, demonstrated that 

' Now at Long Ashton Research Station, Bristol, England. 


* Nowat Biochemistry Department, McGill University, Mon- 
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thiosulphate and other polythionates, except dithionate. 
when passed through sewage sludge are oxidised by 
microbiological means to sulphate. Vishniac (1952) has 
recently shown that Thiobacillus thioparus  oxidises 
thiosulphate with intermediate formation of tetra- 
thionate and trithionate. He also points out that ele- 
mental sulphur may arise in cultures of -7’. thioparus by 
a nonbiological mechanism, excess thiosulphate catalys- 
ing dismutation of tetrathionate to trithionate and 
pentathionate, the latter breaking down to tetrathionate 
and sulphur. Tamiya et al. (1941) had already suggested 
that spontaneous decomposition of tetrathionate could 
give rise to sulphur and trithionate. 

The following paper is concerned with studies on 
metabolism of sulphur, thiosulphate and polythionates, 
in soil, at 21C using the soil perfusion technique of 
Lees and Quastel (1944) as modified by Audus (1946). 
A full description of the technique is given by Quastel 
and Scholefield (1951). Soils of different origins were 
used but the results with all soils investigated were 
consistent. 


EXPERIMENTAL TECHNIQUE 

Sulphur compounds used in these experiments were 
colloidal sulphur, sodium thiosulphate NaS.O;, 5H,0, 
sodium tetrathionate NaoS,O., 2H:O: sodium dithionate 
NaS2O¢, 2H.O and potassium trithionate K.S;0¢.. The 
colloidal sulphur preparation was freed from polythi- 
onates by dialysis, and centrifuged at 2500 rpm to pre- 
cipitate the sulphur. This was then washed with dis- 
tilled water, and resuspended in distilled water. The 
process was repeated until no polythionates were detect- 
able. 

Qualitative analyses of the various polythionic acids 
were carried out using the methods described by Mellor 
(1930). Thiosulphate was determined iodometrically 
(in the presence of acetic acid). Any sulphite present 
was removed by treatment with formaldehyde. Quanti- 
tative analyses of polythionates were made using the 
methods described by Starkey (1935). 

Sulphate was determined by a modification of 4 
method described by Snell and Snell (1936). For 
analysis, 15 ml of a known dilution of sulphate was 
added to 5 ml 50 per cent glycerol and shaken. ‘Two 
ml acid barium chloride solution (100 g BaCl, 2H,0, 
dissolved in 48 ml concentrated HCl and made up to 
1000 ml with water) were then added and the mixture 








: 





was if 
sulphe 
and it 


Spekk 
existe 
values 
absor’ 
Sin 
were 
perfu: 
utilis 
Value 
ence | 
prese 
analy 
expre 


N 
Irc 


and 
sulpl 
tetra 
sulpl 
chen 
relat 
into 
solut 
The 
thio: 
tion 
soil 
ferri 
whe 
beer 
and 
ence 
in te 
T 
inhi 
pho: 
forn 
on t 
of t 
sho 
oxid 
biol 
be 


( 
Is 1 
inhi 
If x 
sul; 








mate, 
d by 
2) has 
‘idises 
tetra- 
it ele- 
‘us by 
talys- 
» and 
onate 
rested 
could 


eS on 
nates, 
ue of 
1946). 
uastel 

were 

were 


were 
0H,0, 
onate 
. The 
lythi- 
) pre- 
1 lis- 
The 
etect- 


acids 
Tellor 
ically 
esent 
lanti- 
o the 


of a 

For 
» was 
Two 
2H0, 
up to 
xture 








j 


was again thoroughly shaken. The precipitate of barium 
sulphate was held suspended evenly in the mixture, 
and its absorption of light was determined by a Hilger 
Spekker Light Absorptiometer. A linear relationship 
existed between sulphate concentration (between the 
values of 0-15 ml 0.0004 m NaSO,) and: the light 
absorption. 

Since all the relevant compounds, except sulphur, 
were soluble in the perfusate, serial analyses of the 
perfusate yielded an accurate picture of the rate of 
utilisation or formation of the various compounds. 
Values for elemental sulphur were taken as the differ- 
ence between the total sulphur concentrations originally 
present and those found for the various constituents 
analysed at the end of the experiment. All results are 
expressed in terms of um sulphur. 


tESULTS 
Non-biological Oxidation of Thiosulphate in Soil 


Iron is a common mineral constituent of many soils, 
and it is well known that ferric iron will oxidise thio- 
sulphate to tetrathionate. In soil perfusion experiments, 
tetrathionate is a common oxidation product of thio- 
sulphate and it was essential to know how far the 
chemical and microbiological oxidations were inter- 
related. For experiment, ferric cations were introduced 
into the soil by perfusion with 1 per cent ferric chloride 
solution, the cation being taken up by base exchange. 
The soils were then well washed with water, 0.02 N 
thiosulphate solution was perfused and its transforma- 
tion followed. The experimental results show that the 
soil containing the excessive quantity of absorbed 
ferric ions will oxidise thiosulphate without a lag phase 
whereas, in the control soil, to which ferric ions had not 
been added, thiosulphate is oxidised to tetrathionate 
and sulphate after an extensive lag period. The differ- 
ence in the distribution of sulphur after 6 days is shown 
in table 1. 

The oxidation due to 
inhibited by the presence of excess disodium hydrogen 
phosphate in the perfusion solution probably through 
formation of insoluble ferric phosphate. Sodium azide, 
on the other hand, has little influence on the oxidation 
of thiosulphate by iron adsorbed in the soil. It will be 
shown, however, that azide inhibits the biological 
oxidation of thiosulphate and in this manner non- 
biological and biological oxidation of thiosulphate may 
be differentiated in soil. 


ferric cations in the soil is 


The Biological Oxidation of Sulphur in Soil 
Colloidal sulphur, after a lag period of several days, 
is metabolised in soil to sulphate. This oxidation is 
inhibited by the presence of 0.01 per cent sodium azide. 
If « soil that has already been perfused with a colloidal 
sulphur solution is washed free from sulphates and 
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reperfused with the colloidal sulphur preparation, the 
time taken for the sulphate to reappear is shortened. 
This is due to the fact that the soil has become en- 
riched with micro-organisms responsible for the oxida- 
tion of sulphur. Thiosulphate when perfused through 
such an enriched soil is metabolised immediately 
without lag, and at a constant rate to tetrathionate 
and sulphate. Hence organisms whose growth is stimu- 
lated by the presence of sulphur, and which presumably 
are responsible for the oxidation of sulphur in soil, 
will also oxidise thiosulphate. 


TABLE 1. Change in distribution of sulphur on perfusion 
of 0.02 N Na2S20; through soil for six days 
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Fig. 1. Oxidation of sodium thiosulphate in normal soil. 

A. 30 g soil perfused with 200 ml 0.033N NasS.Os. 

B. Same soil as in (A) washed after initial thiosulphate 
perfusion and reperfused with a second equal amount 
of sodium thiosulphate solution. 

Ordinate: M1 0.033N Na2S20; oxidized. 

Abscissa: Time in days. 


The Biological Oxidation of Thiosulphate in Normal Soil 


Thiosulphate is oxidised in soil after an initial lag 
period at an increasing rate to either sulphate and 
tetrathionate, or sulphate and sulphur (figure 1). If 
the perfusate is removed and a new thiosulphate solu- 
tion is perfused, the latter is metabolised at a constant 
‘ate without any lag period (figure 1B). A soil in this 
condition is known as an “enriched” soil. Lees and 
Quastel (1944) have described a similar phenomenon 
with the nitrifying bacteria. An important fact to be 
noted is that little or no oxidation of thiosulphate 
occurs in the perfusate free from soil. 


Retention of Oxidising Powers of Enriched Soils 


Wet “enriched” thiosulphate oxidising soils can be 
quickly dried in a current of cold air and will retain 
their high oxidising activities for several months if 
they are stored between 0-4 C. However, if the soils 
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are kept at room temperature, this property of rapid 
oxidation of thiosulphate is lost in a few days. Enrich- 
ment of a soil with thiosulphate oxidising organisms 
may be accelerated by inoculation of a fresh soil with 
a small quantity of an enriched soil. 


The Influence of Thiosulphate Concentration 
on its Oxidation 


The main effect of increasing thiosulphate concentra- 
tion is to increase the lag phase before oxidation takes 
place. Thus a lag period of one day, obtained when 
0.01 N sodium thiosulphate is perfused through soil, 
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Fic. 2. Thiosulphate oxidation on perfusion through soil. 
28 g Garden soil, inoculated with 2 g enriched thiosulphate 
oxidising soil, perfused with 300 ml 0.005n NasS.Os. 

(1) Course of thiosulphate disappearance. 

(2) Course of tetrathionate appearance and disappearance. 

(3) Course of sulphate appearance. 

Ordinate: Percentage of sulphur present in perfusate as 
thiosulphate, or tetrathionate, or sulphate. 

Abscissa: Time in days. 


TaBLE 2. Biological oxidation of thiosulphate by an 
enriched soil in six days 


CONCENTRATION OF S2O3 uM S$203-S 


uM SsOe-S uM SO:-S 

PERFUSED PER ML PER ML PER ML 

RNG oyigek oa5 as Go —20.5 0 +20.5 
RA eee —75.9 +39.8 +39.8 
ere ...| 191 +116 +77.7 


is increased to three days when 0.1 N sodium thiosul- 
phate is similarly perfused. Once the lag phase is over, 
however, the rates of oxidation in soils perfused at a 
higher concentration are much higher than those per- 
fused at a lower concentration. The course of thio- 
sulphate oxidation follows a logarithmic law, until the 
soil becomes saturated with the bacteria, when the 
rate of oxidation becomes constant. The final rate of 
oxidation of thiosulphate is increased with increase of 
the initial concentration of thiosulphate. This may be 
due to a variety of factors: for example, (a) growth of 
specific variants of the species having a higher enzyme 
concentration per cell, (b) an increase in thiosulphate 
oxidising capacity per cell, (see Quastel and Scholefield, 


(1951) for similar results in their studies of 1 trite 
oxidation in soils). 

During conversion of thiosulphate to sulphate, (tra- 
thionate appears as an intermediate. This unde. goes 
further oxidation to sulphate. Typical results showing 
the rates of thiosulphate disappearance, tetrathicnate 
appearance and removal, and sulphate formation 
during thiosulphate perfusion through a norma! soil 
are shown in the curves given in figure 2. 

Typical balance sheets showing quantitative con- 
version of thiosulphate to tetrathionate and sulphate 
during perfusion through an enriched soil are shown in 
table 2. 


Biological Oxidation of Tetrathionate in Soil 


Tetrathionate is converted to sulphate during soil 
perfusion after a short initial lag period (figure 3). 
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754 
PERCENTAGE 
TETRATHIONATE 
METABOLISED 
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Fig. 3. Effects of change of tetrathionate concentration on 
its metabolism in soil. 30 g perfused with 200 ml tetrathionate 
solution. 

(1) 0.0025M NaoS,O¢. 

(2) 0.005mM NasS Og. 

(3) 0.01IM NaoS,Ox¢. 

Ordinate: Percentage tetrathionate metabolised. 
Abscissa: Time in days. 


Increase of concentration of the tetrathionate perfused, 
however, increases the lag period and decreases the 
rate of oxidation. Thus 0.0025 m is oxidised at a maxi- 
mum rate of 2.32 um S,O0¢-S/g. soil/hr., 0.005 m at 
45 per cent of this rate and 0.01 m not at all. 

The presence of 0.01 per cent sodium azide completely 
inhibits the oxidation of tetrathionate, this result 
indicating the biological nature of the oxidation. 

Sodium thiosulphate, when perfused through a soil 
enriched with tetrathionate oxidising organisms, 1s 
oxidised at a constant rate, without lag, to sulphate 
and tetrathionate. This result demonstrates that the 
tetrathionate oxidising organisms can also oxidise 
thiosulphate; otherwise a lag period would have ap- 
peared. It seems likely, therefore, that one organism is 
concerned with both the oxidation of thiosulphate and 
tetrathionate. This may be contrasted with the be- 
haviour of nitrifying organisms in soil. In this case, 
enrichment of the soil with organisms oxidising nitrite 
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does not ensure immediate oxidation of ammonium 
ions When the latter are perfused, showing the necessity 


for two organisms oxidising nitrite and ammonium 
jons respectively (Quastel and Scholefield, 1951). 


Influence of Tetrathionate Concentration on Thiosulphate 
Oxidation in Soil 


When a mixture of low concentrations of thiosulphate 
and tetrathionate is perfused through a soil, inoculated 
with thiosulphate oxidising organisms, the initial rate 
of sulphate formation does not exceed the rate of sul- 
phate formation found when the same thiosulphate 
concentration, in the absence of added tetrathionate, 
is perfused through the soil. This result is consistent 
with the conclusion that tetrathionate is an intermediate 
in the oxidation of thiosulphate to sulphate. 


The Oxidation of Potassium Trithionate and Sodium 
Dithionate in Soil 


Potassium trithionate is oxidised to sulphate at a 
constant rate by a thiosulphate-enriched soil and its 
oxidation is inhibited by 0.01 per cent sodium azide. 
Sodium dithionate is apparently very resistant to 
such oxidation in both normal and _ thiosulphate-en- 
riched soils. However, sodium dithionate has no in- 
hibitive effect on thiosulphate oxidation. 


The Influence of Biological Inhibitors on 
Thiosulphate Oxidation 


Sodium azide (0.01 per cent) and sulphanilamide 
(0.1 per cent) both inhibit thiosulphate oxidation in 
fresh soil. However, while azide inhibits thiosulphate 
oxidation in an enriched soil, sulphanilamide has no 
such effect. This difference can be explained by the fact 
that azide is a respiratory poison, whilst sulphanilamide 
exerts its effects by retarding the proliferation of the 
thiosulphate oxidising organisms. A soil that has been 
perfused with sodium azide will regain its ability to 
oxidise thiosulphate after being washed with water. 
Typical results, illustrating this reversibility of action, 
are shown in figure 4. 

Chloretone, a narcotic, which is known to inhibit 
nitrification (Lees and Quastel, 1944) also inhibits 
thiosulphate metabolism in both a normal and an en- 
riched soil. 

The presence of 2:4-dinitro-o-cresol and 2:4-dinitro- 
o-phenol brings about an inhibition of thiosulphate 
metabolism in normal soil. Out of a series of nitro- 
compounds examined as possible inhibitors of thiosul- 
phate oxidation in enriched soils, only dinitro-o-phenol 
and dinitro-o-cresol showed activity. Representative 
results are given in table 3. The inhibitive effects 
of dinitrophenol and dinitrocresol are of considerable 
interest in view of the well-known effects of these sub- 
stances on phosphorylation mechanisms of the cell 
(Clowes and Krahl, 1937). The fact that dinitrophenol 
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dissociates phosphorylations from certain respiratory 
activities (Loomis and Lipmann, 1948, Hotchkiss, 
1944) suggests that bacterial thiosulphate oxidation 
depends on the integrity of phosphorylation mecha- 
nisms which are affected by dinitrophenol. It is im- 
portant in this connection to recall the observations of 
Vogler and Umbreit (1942) on the esterification of 
inorganic phosphate during the oxidation of sulphur by 
Thiobacillus thiooxidans. 
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Fic. 4. Effects of azide treatment of soil on thiosulphate 
oxidation. 30 g Soil, inoculated with 2 g soil enriched with 
thiosulphate oxidising organisms, perfused for 7 days either 
with 200 ml water, or with 200 ml 0.01 per cent sodium azide 
solution. After this period both soils were washed with water 
and then each was reperfused with 200 ml 0.01N Na2S2O3. 

O Normal Soil (1) Change of pH of perfusate. 
@ Azide perfused soil (2) Change of thiosulphate con- 
centration in perfusate. 
Ordinates: Left. M1 0.01N Na2S.0; metabolised. 
Right. pH of perfusate. 
Abscissa: Time in days. 


TABLE 3. Effects of organic nitro compounds on 
thiosulphate oxidation in soil 


uM S20;-S OXIDISED 


CONTENTS OF PERFUSION FLASK IN ADDITION PER ML PERFUSATE 


UNEE TO 0.04N Na2S20s AFTER 4 DAYS 
PERFUSION 
1 Nil 8.0 
2 0.01% nitranilie acid 7.5 
3 0.005% 2:4 dinitro-o-cresol 2.9 
4 0.01% 2:4 dinitro-o-phenol 2.7 
5 0.01% 2:4 dinitro-1-naphthol- 7.0 
sulphonic acid 
6 0.01% 3:5 dinitro-salicylice acid 7.0 
7 0.01% picrie acid 7.3 


Arsenites, selenites and tellurites inhibit thiosul- 
phate oxidation, but the corresponding arsenates, 
selenates and tellurates have no effect. 


Biological Oxidation of Thiosulphate to Sulphur 
and Sulphate, or to Tetrathionate 


Sulphate may be produced in soil by an oxidation of 
thiosulphate not apparently involving tetrathionate 
as a necessary intermediate, for it may be shown, that, 
in presence of a concentration of tetrathionate suffi- 
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ciently high to inhibit sulphate formation from tetra- 
thionate itself, sulphate is still formed from thiosul- 
phate. Either perfusion of a relatively high thiosulphate 
concentration, or perfusion of thiosulphate together 
with a relatively high phosphate concentration, above 
pH 7.0, seems to secure such conditions. It is impor- 
tant, however, to note (Vishniac, 1952) that thiosul- 
phate catalyses the nonbiological dismutation of tetra- 
thionate and this phenomenon may partly explain the 
results described. 

In the experiments where thiosulphate perfusion led 
only to the formation of sulphur and sulphate, the 
resulting soils were used for inoculation of fresh soils. 
When thiosulphate solutions were perfused for six 
days through 28 g soil “inoculated”? with 2 g of such 
an enriched thiosulphate oxidising soil, no tetrathionate 
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Fig. 5. Effects of presence of soil on metabolism of thio- 
sulphate by a suspension of heterotrophic bacteria isolated 
from soil. All units run with 200 ml 0.02N Na.S.O;, containing 
equal quantities of a suspension of bacteria (probably P. 
fluorescens) isolated from soil, in presence of 0.1 per cent sul- 
phanilamide. 

(1) No soil present. 

(2) 30 g normal soil present. 

(3) 30 g garden soil, previously heated at 170 C for one 
hour, present. 

Ordinate: M1 0.02N Na2S.O; oxidised. 

Abscissa: Time in days. 


was found in the perfusate and 60 per cent of the thio- 
sulphate sulphur was converted into sulphate, the re- 
mainder presumably appearing as sulphur which was 
visibly precipitated over the soil crumbs. 

The presence of ammonium chloride or sodium nitrate 
has but little influence on the course of thiosulphate 
metabolism in the soils that have been investigated. 
The presence of urea, however, which undergoes rapid 
conversion to ammonia in the soil, inhibits sulphate 
formation. The three compounds do not influence the 
course of oxidation of thiosulphate in enriched soils. 

The presence of amino acids, for example, sodium 
aspartate or glutamate, and glycine, or of the sodium 
salts of succinic and fumaric acids in the presence of 
ammonium ions, apparently stimulates the prolifera- 
tion of heterotrophic microflora that can accomplish 
a rapid oxidation of thiosulphate to tetrathionate 


only. This effect is not seen in the absence of aided 
ammonium ions. 

It has been found that substances present in the 
water extract of a heated soil will also stimulate the 
type of oxidation of thiosulphate that leads to a high 
yield of tetrathionate. This oxidation may be inhilited 
by the presence of sodium azide. Eventually, however, 
the tetrathionate disappears and sulphate is formed, 
If thiosulphate solution is perfused at 21 C through a 
soil that has been heated at 170C for one hour, an 
initial high rate of thiosulphate conversion to tetra- 
thionate takes place. Presumably this is due to the 
proliferation of relatively heat resistant heterotrophic 
organisms developing on the soluble organic matter 
released from soil during heat treatment. 


Effect of a Heterotrophic Organism Isolated from Soil 
on Thiosulphate Oxidation 


From a soil accomplishing a rapid transformation of 
the thiosulphate into tetrathionate, a heterotroph was 
isolated in pure culture. It was coccoid, and fluorescent 
when grown on nutrient agar. This organism, which 
had the cultural and morphological characteristic of 
Pseudomonas fluorescens, (see Starkey, 1934), was 
grown in bulk on nutrient agar plates and after 24 
hours’ growth it was removed from the plates and a 
heavy suspension made up in 0.85 per cent saline. The 
effect of this suspension of organisms on thiosulphate 
oxidation in the presence of heated and normal soil 
was investigated. An aliquot of this suspension was 
added to 200 ml 0.02 N NayS.O; solution and this was 
perfused through soil which had been heated at 120 C 
for 30 minutes. An equal quantity of the suspension in 
200 ml 0.02 n NaS.O; solution was perfused through 
normal soil. Sulphanilamide (0.1 per cent) was also 
added to the perfusion fluid to inhibit the growth of 
any organisms in the soils themselves that would ac- 
complish the oxidation. The results, given in figure 
5, show that thiosulphate conversion to tetrathionate 
takes place in the presence of normal soil, but that a 
quicker rate of oxidation occurs in the presence of 
heated soil, under conditions where, when the suspen- 
sion alone was perfused in the absence of any soil, 
only a feeble rate of conversion of thiosulphate to 
tetrathionate occurred. 


The Influence of Carbohydrates on Thiosulphate 
Metabolism in Soil 


When a solution of a carbohydrate such as glucose, 
sucrose or mannitol is perfused through soil, it promotes 
the growth of a heavy heterotrophic microflora in the 
soil and perfusate. Thiosulphate under these conditions, 
after a slight initial oxidation to tetrathionate, remains 
quite stable, and in some cases a reduction of the tetra- 
thionate to thiosulphate occurs. 

When the soil is partially sterilised by heat treatment, 
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thiosulphate is quickly oxidised to tetrathionate when 
it is perfused in the presence of carbohydrate, a heavy 
growth appearing in the perfusate and in the soil. 

Thus there appears to be two groups of microor- 
ganisms present initially in the soil, a heat sensitive 
group Which can reduce tetrathionate to thiosulphate, 
and a less heat sensitive group which oxidises thio- 
sulphate to tetrathionate. The reduction of tetrathio- 
nate to thiosulphate when perfused through soil in 
the presence of 1 per cent sucrose or 1 per cent glucose 
is shown by the results given in figure 6. This reduction 
does not take place in a heated soil. The results conform 
with the observations by Pollock and Knox, (1943) on 
tetrathionate reduction by bacteria. It is clear that the 
thiosulphate-tetrathionate equilibrium in soil is de- 
termined by the chemical factors, present in soil, 
which control the growths of the relevant specific 
microflora. 
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Fic. 6. Reduction of tetrathionate to thiosulphate in soil. 
30 g Soil perfused with 200 ml 0.005m Na2S.Oc. 
(1) 200 ml 0.005m Na2S,O¢ alone. 
(2) 200 ml 0.005m NaeS,O, + 1% sucrose. 
(3) 200 ml 0.005m NaoS,O, + 1% glucose. 
Ordinate: M1 0.01N Thiosulphate formed. 
Abscissa: Time in days. 


With soils enriched with thiosulphate oxidising or- 
ganisms, normal oxidation of thiosulphate to sulphate 
occurs in the presence of carbohydrates, and even 
after several days few, or no, heterotrophic microflora 
are seen proliferating in the soil perfusate. This is 
possibly due to the fact that during the initial perfusion 
with thiosulphate, the carbohydrate utilising microflora 
of the soil are greatly suppressed, due to the unfavour- 
able acid conditions which develop during sulphate 
formation. 


MANOMETRIC STUDIES 


Using the technique already described by Ellinger 
and Quastel (1948) and by Quastel and Scholefield 
(1951), it is possible to study the respiratory activities 
of soils enriched with thiosulphate oxidising organisms. 

Typical curves showing the rates of oxygen uptake 
in presence of thiosulphate by an enriched soil are given 
in figure 7, which indicates the results obtained when 
two different concentrations of thiosulphate are added 
to the soil. The difference found between the quantities 


of oxygen required to oxidise the two amounts of 
thiosulphate is that calculated from the equation: 


Nas.03 a 20. “> H,O > 2NaHSO, 


The thiosulphate oxidation is considered complete 
when the rate of oxygen uptake of the soil containing 
the thiosulphate falls to the same value as that of the 
soil to which water alone was added. Thus, in the experi- 
mental results quoted in figure 7, the total oxygen up- 
take, after correction for the control, for the oxidation 


N 


150 


of 1.5 ml Na.S.03 was 240 ul and that for the oxida- 


tion of 1.5 ml = NaS.O; was 685 ul, the difference 


being 445 yl. The calculated difference was 


44.8 X 1000 X 1.5 
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Fic. 7. Oxygen uptakes of air dried ‘‘enriched”’ soil in pres- 
ence of thiosulphate. 
(1) 4 g ‘“‘enriched”’ soil + 1.5 ml N/150 Na2S.03. 
(2) 4 g “‘enriched”’ soil + 1.5 ml N/75 Na2S203. 
Ordinate: wl oxygen uptake. 
Abscissa: Time in hours. 


It is evident that complete oxidation of thiosulphate 
(probably via tetrathionate) takes place. 

The presence of 0.01 per cent sodium azide greatly 
suppresses the rate of oxygen uptake of an enriched soil 
in presence of sodium thiosulphate. Thus the rate of 
oxygen uptake of a soil in presence of 1.5 ml 0.01 N 
Na.S.O; was 52.5 wl per gram soil per hour. In presence 
of the sodium azide, this figure was reduced to 8.7 
ul O2 uptake per gram soil per hour. 


Effects of Changes of Polythionate Concentration on 
Oxygen Uptake of a Soil Enriched with Thiosulphate 
Oxidising Organisms 


The rate of oxygen uptake of thiosulphate in an 
enriched soil increases gradually with increase of con- 
centration of thiosulphate added to the soil. 

Thiosulphate, trithionate and _ tetrathionate all 
yield similar rates of oxygen uptake in an enriched soil 
at a concentration of approximately 20 um S/l. With 
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increase of concentration, the rate of oxygen uptake 
with thiosulphate increases to a maximum at 200 
uM 8/1., while both the rates obtained with trithionate 
and tetrathionate fall off rapidly as the concentrations 
are increased (figure 8). Dithionate, or colloidal sul- 
phur, is not apparently oxidised and has no influence 
on the oxidation of thiosulphate in these enriched soils. 
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Fic. 8. Effects of polythionates on rates of oxygen uptake. 
4 g Soil enriched with thiosulphate oxidising organisms in 
each vessel. 
(1) 1.5 ml NasS2O; solution. 
(2) 1.5 ml NaeS,O¢ solution. 
(3) 1.5 ml K28;0¢ solution. 
(4) 1.5 ml NaeSeO¢ solution. 
ImlS = 4464MS5S 
Ordinate: Oxygen uptake (ul/g/soil/hour). 
Abscissa: ml 8, as polythionate, per ml substrate solution. 


TaBLeE 4. Influence of glucose and of sodium pyruvate 
on the oxygen uptakes of enriched soils in presence 
of polythionates 


wl O2 UPTAKE 


yo ig SUBSTRATES ADDED Pte 
1 0.05m glucose 2.0 
0.01N NaeSoO; 62.0 
0.01N Na.S.0; + 0.05m glucose 63.0 
2 0.066N Na2S.0; 55.0 
0.066N NaS.O0; + 0.033m sodium 19.0 
pyruvate 
3 0.033mM sodium pyruvate 1.0 
0.0066M potassium trithionate 40.0 
0.0066M potassium trithionate + 8.5 


0.033mM sodium pyruvate 


Influence of Glucose and of Sodium Pyruvate 
on Thiosulphate Oxidation 


The presence of glucose has no influence on the oxygen 
uptake of enriched soils in presence of thiosulphate. 
On the other hand, the presence of pyruvate inhibits 
the rate of oxygen uptake due to thiosulphate and 
trithionate in an enriched thiosulphate oxidising soil 
(see results given in table 4). This may be due to a 
direct inhibition of the enzyme responsible for the 
polythionate oxidation or to complex formations be- 
tween pyruvate and thio groups involved in the oxida- 


tion. The inhibitory influence of pyruvate on the ox vgen 
uptake due to Thiobacillus thiooxidans in preseie of 
sulphur has been noted by Vogler et al. (1942) Vogler 
and Umbreit (1942) and Vogler (1942). 


Influence of Some Enzyme Inhibitors on 
Thiosulphate Oxidation 


The results given in table 5 demonstrate the effects 
of several enzyme inhibitors on the rate of oxygen 
uptake of enriched soils in the presence of sodium 
thiosulphate. 2:4-Dinitro-o-cresol, arsenite, selenite 
and tellurite are inhibitors of thiosulphate oxidation 
whereas sulphanilamide, arsenate, selenate, and _tel- 
lurate appear to have no adverse effect. These results 
are in accordance with those obtained in the perfusion 
work 


TaBLeE 5. The influence of some enzyme inhibitors on the rate of 
oxygen uptake due to thiosulphate in air dried garden soil 
enriched with thiosulphate oxidising organisms 

Oz UPTAKE IN 


ul/G SOIL 
PER HOUR 


PERCENTAGE 


SUBSTRATES ADDED WITH 0.005N Na2S203 rican 


MN te cen ete eer Ears 5.0 — 
0.0003% 2.4 dinitro-o-cresol........ 13.1 71 
0.1% sodium arsenite.............. 22.5 50 
0.1% sodium tellurite.............. 35.5 26 
0.1% sodium selenite......... 21.5 52 
0.1% sulphanilamide...... fre 45.0 0 
0.1% sodium arsenate. ........... 45.0 0 
0.1% sodium tellurate..... =e 15.0 0 


0.1% sodium selenate..... 45.0 0 
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SUMMARY 


1. Perfusion of sodium thiosulphate solution through 
air-dried garden soil under aerobic conditions leads to 
an enrichment of the soil with thiosulphate oxidising 
organisms. The transformation of thiosulphate is 
logarithmic such as is to be expected if the metabolism 
is due to proliferating organisms. When the soil is 
enriched, or saturated, with the organisms, the rate 
of metabolism of thiosulphate becomes constant. 

2. Transformation of thiosulphate in soil is greatly 
suppressed by the presence of sodium azide which 
may be used to discriminate between biological and 
non-biological oxidation of thiosulphate in soil. The 
latter process is mainly accomplished by relatively 
large quantities of ferric ions in the soil, and is inhibited 
by the presence of sodium phosphate but not sodium 
azide. 

3. Thiosulphate is transformed to either sulphate 
and tetrathionate, or sulphate and sulphur, the forme! 
products being more commonly occurring. The presence 
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of relatively high concentrations of phosphates or thio- 
sulphate tends to favour the production of sulphur 
and sulphate. 

4. Soils enriched with thiosulphate oxidising organ- 
isms will retain their oxidising activity for several 
months if they are dried and stored at 0C. 

5. Tetrathionate is converted to sulphate during 
soil perfusion. A soil enriched with tetrathionate oxi- 
dising organisms will oxidise thiosulphate at a constant 
rate, Without initial lag, pointing to the probability 
that such organisms are also capable of oxidising thio- 
sulphate. 

6. Tetrathionate is a normal intermediate in the 
conversion of thiosulphate to sulphate in soil. 

7. With increase of concentration of tetrathionate 
there is an increase of the initial lag time and a diminu- 
tion of the-rate of tetrathionate breakdown. Increase 
of concentration of thiosulphate perfused also leads to 
a lengthening of the initial lag, but after this phase is 
over the rate of thiosulphate breakdown increases with 
increase of thiosulphate concentration. 

8. Thiosulphate metabolism in soil is inhibited by 
the presence of low concentrations of 2:4-dinitrophenol 
and 2:4-dinitro-o-cresol. This result points to the 
likelihood that phosphorylations are involved in this 
metabolism. Other nitro compounds such as_picric 
acid, ete., at similar concentrations are without effect. 

9. The presence of amino acids, or of sodium suc- 
cinate or sodium fumarate in presence of ammonium 
ions, increases the rate of oxidation of thiosulphate to 
tetrathionate. 

10. The presence of glucose, sucrose, or mannitol 
favours the reduction of tetrathionate to thiosulphate 
in soil. This reduction does not take place in a soil 
that has been partially sterilised by heat treatment. 

11. Whereas thiosulphate, trithionate, and _ tetra- 
thionate are all broken down in soil, dithionate is not. 

12. Sulphanilamide inhibits thiosulphate metabolism 
ina fresh soil but has no effect in a soil enriched with 
thiosulphate oxidising organisms. 

13. Chloretone, arsenite, selenite, and tellurite in- 
hibit transformation of thiosulphate in soil. No effects 
of arsenate, selenate, and tellurate have been noted. 

14. Manometric studies with soils enriched with 
thiosulphate oxidising organisms show that thiosul- 
phate is quantitatively oxidised to sulphate. The process 
is inhibited by 2:4-dinitrophenol and 2:4-dinitro-o-cresol 
and by respiratory poisons as expected from the results 
of the perfusion studies. The presence of glucose has no 
effect, but that of sodium pyruvate is very inhibitory 
to the process of thiosulphate oxidation. Sodium 
pyruvate is also inhibitory to trithionate oxidation. 
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INTRODUCTION 


Studies made in the field of microbiological degrada- 
tion of lignin have included investigations with sodium 
and calcium lignosulfonates. 

Kazanskii and Mikhailova (1936) were unable to 
grow several wood-rotting fungi on neutralized waste 
sulfite liquor, but found that infusorial earth mixed 
cultures could grow albeit slowly (in 50-60 days) if 
several alterations were made in the composition of the 
waste sulfite liquor. 

Ledingham and Adams (1942) investigated Polyporus 
versicolor, other wood-rotting fungi, and several soil 
fungi for their ability to metabolize calcium lignosulfo- 
nate in a glucose-mineral salts medium. They reported 
substantial degradation of the calcium lignosulfonate 
when a beta-naphthylamine precipitation method of 
analysis was used, but much less evidence of degrada- 
tion was found where an ultraviolet method was used 
(Adams and Ledingham, 1942). Their conclusions were 
based on the disappearance of the lignosulfonate from 
liquid cultures in which the fungi were growing. 

In previous papers it was reported by Pelezar et al 
(1950) and Gottlieb et al (1950), that the wood-rotting 
(white rot) fungus Polyporus versicolor could utilize 
native lignin to a limited degree as a sole source of 
carbon. 

It was the purpose of this investigation to determine 
whether this organism could utilize sodium lignosulfo- 
nate. Using a system of analyses for both mycelial 
substance and culture fluid it has been shown that al- 
though the lignosulfonate disappears from solution it 
can be accounted for in or on the mycelia. 


MeEtTHOoDS AND MATERIALS 
Cultures 


The wood destroying (white rot) fungus Polyporus 
versicolor was the same culture employed in previous 
investigations (Pelezar et al 1950 and Gottlieb et al 
1950). Stock cultures of this organism were maintained 
on potato dextrose agar, subcultured at monthly inter- 
vals and stored at 10 C during the interim. 


1This work was done under Contract No. N7-onr-397-4 
between the University of Maryland and the Office of Naval 
Research. 


Preparation of Sodium Lignosulfonate 


Sodium lignosulfonate was prepared from stripped 
sulphite waste liquor obtained from the Rhinelander 
Paper Company, Rhinelander, Wisconsin. Twelve |, 
of this liquor were filtered and then saturated with 
sodium chloride. The precipitate of impure sodium 
lignosulfonate was centrifuged down and _ thoroughly 
washed with a saturated solution of sodium chloride. 
The washed precipitate was redissolved in water, 
precipitated with sodium chloride and washed. The 
twice precipitated sodium lignosulfonate was suspended 
in 1 L of water and dialyzed against running tap water 
until no chloride ion could be detected in the dialyzing 
solution. Finally the solution was dialyzed against 
distilled water. The dialyzed solution was evaporated 
to near dryness at reduced pressure and absolute alco- 
hol was used to take out the remainder of the water 
azeotropically. The anhydrous material was ball milled 
with absolute alcohol for 1.2 hr, and finally centrifuged 
and dried. The yield was 250 g of a light cream-colored 
product. The analysis was as follows: methoxyl, 13.05 
per cent; sulfur, 5.28 per cent; and ash, 8.30 per cent. 


Preparation of Test Media 


The substrate sodium lignosulfonate was very soluble 
in water and was added in 0.5 per cent concentration 
to the following basal medium: (NH,)2HPO,, 5.0 g; 
KCl, 1.0 g; MgSO,-7H.O, 0.5 g; thiamine, 1000 ug; 
FeSQ,, 0.02 g; and distilled water to make 1 L of me- 
dium. In most of the experiments 2 per cent glucose 
was also added as an additional carbon source to the 
above medium. After adjusting the medium to the 
desired pH, it was pipetted into 250 ml Erlenmeyer 
flasks. These flasks were then capped with aluminum 
foil and the contents sterilized with ethylene oxide 
according to the method described by Wilson and Bruno 
(1950). The final concentration of sodium lignosulfo- 
nate in each test flask was 200 mg and the methoxy! 
percentage was 13. 


Preparation of Inoculums 


Inoculum consistent as to dry weight and metabolic 
activity was prepared in the following manner: Five 
250 ml Erlenmeyer flasks containing 40 ml of basal 
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medium plus 2 per cent glucose were inoculated with 
a portion of mycelial mat approximately 0.5 cm square. 


These flasks were then incubated for seven days in 
still-culture at 28 C, at which time the entire liquid 
surface was covered with a mycelial mat. These mats 
were removed aseptically and washed with sterile 
distilled water and transferred to a sterile Monel metal 
jar (semi-micro size) together with 50 ml of sterile 
distilled water. The mycelia and water were blended 
for 2 min and transferred to a sterile flask. One ml of 
this fresh inoculum was added to each culture flask 
(approximately 1 mg dry weight). 

In the latter part of this study the design of experi- 
ments required a large amount of inoculum for each 
culture flask. These inoculums were designated as (1) 
normal, (2) starved and (3) killed and prepared as 
described below. 

Normal inoculum. Culture flasks (containing 40 ml 
of basal medium plus 2 per cent glucose) were each 
inoculated with 1 ml of ground mycelia as prepared 
above. These flasks were then cultivated under shake 
culture conditions for 12 days at 28 C. The contents of 
the flask were harvested aseptically and washed with 
sterile distilled water and then transferred to test 
media. The dry weight of mycelia in each flask was 
approximately 250 mg. 

Starved inoculum. This inoculum was prepared in 
the same way as the “normal inoculum” except that 
after the first incubation period, the inoculum was 
washed and reinoculated into flasks of fresh basal 
medium minus glucose. These flasks were shaken for 
7 days at 28 C after which the mycelia were washed and 
inoculated into test media. 

Killed inoculum. This inoculum was also prepared in 
the same manner as the ‘‘normal inoculum” except for 
the second incubation period the inoculum was trans- 
ferred to flasks of basal media containing 5 ppm of 
Copper-8-Quinolinolate, a known fungicidal compound. 
These flasks were then incubated as shake-culture flasks 
at 28 C for 7 days, after which the mycelia were trans- 
ferred to test media. The mycelia, thus prepared, failed 
to grow on potato dextrose agar. 


Incubation of Cultures 


Liquid media for all experiments were dispensed in 
250 ml flasks and placed on a shaking apparatus of a 
reciprocating type with a stroke of 114 inches and 100 
three-inch excursions per min at a temperature of 28 C. 


Analytical Methods Employed to Determine Utilization 
or Disappearance of Sodium Lignosulfonate from 
the Test Media 
The analytical methods employed were performed 
as follows: (1) Weighing of dried mycelia; (2) determi- 
nation of methoxyl content of the media and mycelia 
by the Viebock-Schwappach method as described by 
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Clark (1932); (3) measurement of residual lignosulfo- 
nate in the culture filtrate by an ultraviolet absorption 
method described by Adams and Ledingham (1942); 
(4) determination of mycelial nitrogen by the semi- 
micro Kjeldahl method of Umbreit and Bond (1936), 
which was modified by application of the titration 
technique of Sobel et al. (1937) and (5) measurement 
of residual glucose in the culture filtrate as described 
by Somogyi (1945). 
RESULTS 

From initial experiments, the results not reported 
herein, it was found that the test organism could not 
utilize sodium lignosulfonate as a sole source of carbon 
when incorporated into the mineral-salt basal medium. 
This was ascertained visually as well as by quantitative 
determinations which indicated no change in ligno- 
sulfonate and no increase in mycelial nitrogen. There- 
fore, 2 per cent glucose which supports luxuriant growth 
of the fungus was added to the medium along with 0.5 
per cent lignosulfonate. This experimental procedure 
was similar to that employed by Ledingham and Adams 
(1942). 

Recordings of pH observed from preliminary experi- 
ments of the above type, revealed that a rapid drop of 
pH from 7 to 2.5 occurred after 4 days’ incubation. 
This drop in pH took place in each of the above de- 
scribed media and remained thus throughout the 12- 
day incubation period. Methoxyl values obtained at 
the same time indicated a rapid disappearance of 
methoxyl from the medium, which at first seemed to 
indicate a rapid utilization of lignosulfonate. However, 
methoxyl analyses made simultaneously with the 
mycelia from the same culture flasks showed that the 
methoxyl disappearing from the medium reappeared 
quantitatively in or on the mycelia. The total methoxyl 
content consisting of methoxyl from the medium plus 
methoxyl from the mycelia remained essentially un- 
changed when compared simultaneously with the 
methoxyl content of the control flask, indicating prob- 
able “adsorption’” of the lignosulfonate or methoxyl 
by the mycelia. Figure 1 illustrates graphically this 
relationship and also shows that the mycelia grown in 
the medium containing glucose as the sole carbon 
source contained an insignificant amount of methoxyl. 
This observation (negligible methoxyl in glucose grown 
mycelium) suggests that the large amount of methoxyl 
occurring with the lignosulfonate-glucose grown mycelia 
did not represent a normal growth picture. 

The possibility was considered that the concentration 
of lignosulfonate or methoxyl on the surface of the 
mycelium was a function of the acidity of the solution, 
a situation related to the tanning reaction, since cer- 

2 The term adsorption is employed here to indicate removal 


of lignosulfonate from the media by being deposited either on 
or in the mycelia. 
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tain preparations of lignosulfonate have been employed 
as tanning agents (Brauns, 1948). Therefore, an experi- 
ment such as recorded in table 1 was performed with 
the addition of 0.5 g of calcium carbonate per culture 
flask. This held the pH to a much narrower range than 
previously mentioned. From residual glucose determi- 
nations recorded in table 1, it can be seen that the 
glucose was completely utilized on the sixth day and 
that after this time a measureable increase in methoxy! 
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Fic. 1. Methoxy] balance for growth of Polyporus versicol°r 
on lignosulfonate plus glucose. 


TABLE 1. Analytical results from Polyporus versicolor culture 
e grown in sodium lignosulfonate-glucose medium 
plus calcium carbonate 


MEDIA 


Basal 
i : — . + 
Basal + Sodium lignosulfonate (0.59%) and glucose (2° 


“4 


Glucose 
207.) 
GROWTH 
PERIOD 


(OCHs) 


Methoxy! (OCH:) Content Content 


Residual 
Giacose Media Control 

+ | (Uninoc- | Mycelia 
Mycelia ulated 


Media | Mycelia 
mg 4 mg mg 
24.40 00. 24.40 0.00 
15.00 | 10 25.7 25.85 | 1.66 
7.60 | 17.89 | 25.49 | 25.10 | 2.49 
8.50 | 15.7 24. 24.00 | 1.10 


content of the mycelia could not be demonstrated. 
From these results it would seem that the apparent 
adsorption of lignosulfonate or methoxyl was not neces- 
sarily a function of pH per se. 

Mycelial nitrogen and dry weight determinations 
plus ultraviolet absorption results are recorded in 
table 2. 

Comparison of mycelial nitrogen values revealed 
insignificant differences in amount of nitrogen produced 
between the two media for the same incubation period. 


However, the nitrogen values for both media showed a 


tendency to decrease after the sixth day, which m. ght 
be attributed to autolysis of the mycelia. The dry 
weight values obtained from the lignosulfonate-glu ‘ose 
medium were consistently higher then the values j;om 
the glucose medium on any one day. Upon close: ex- 
amination of these values it can be seen that the my- 
celial yield from the lignosulfonate-glucose med:um 
varied from the glucose yield only in an amount ap- 
proximately equal to the lignosulfonate removed 
simultaneously from the test medium. From the naiure 
of this observation plus the fact that the nitrogen values 
were approximately equal, it was apparent that the 
increase in mycelial yield from the lignosulfonate- 
glucose media was due to the presence of lignosulfonate 
on the mycelia. 


TABLE 2. Results of mycelial nitrogen and dry weight deter- 
minations and their relationship to lignosulfonate 
disappearance from solution* 


MEDIA 


Basal medium plus ligno-S (0.5% 


GROWTH Basal medium plus 
A and glucose (2%) 


PERIOD glucose (2%) 


Ligno-St 


Mycelial 
N Removed 


Mycelial Mycelial Mycelial 
Wt Wt N 


mg mg mg mg m 


.045 ay 00.0 Bi O45 
8.80 175. 65.0 243.5 8.6 
15.30 305.8 123. 435.9 16.80 
18.10 360. 142. 521.0 20. 
17.80 355.5 143.8 510.0 20. 
15.70 305. 125. 430.0 18. 
12.80 275.6 110.2 390.1 14.90 
* All analytical values were based on the entire contents of 
the culture flask. 
+ Lignosulfonate determined by ultraviolet absorption 
method. 


To examine further the effect of pH on lignosulfonate 
disappearance from the culture media an experiment 
was conducted at three pH levels and simultaneously 
the effect of the addition or subtraction of glucose from 
the test medium was examined. In this experiment a 
large amount of mycelia was used (250 mg) as inoculum. 
This inoculum is described under Methods and Ma- 
terials as “normal inoculum.” The mycelial inoculum 
was transferred to two different test media, one con- 
taining lignosulfonate and glucose as carbon sources 
and the other lignosulfonate. These media were in- 
cubated in the usual procedure for 12 days. Ultraviolet 
absorption and pH results of this experiment are re- 
corded in table 3. It can be seen that when two carbon 
sources were present in the medium approximately 
twice as much lignosulfonate was removed or “ad- 
sorbed” from the media as when lignosulfonate was 
present alone. It can also be noted that pH did _ not 
have an appreciable effect on the ‘“adsorption’’ phe- 
nomena. These results revealed that the “adsorption” 
process definitely proceeded at a more efficient rate 
when a readily available carbon source was present. 
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The mycelia under these conditions were actively 
metabolizing and it appeared that the amount of ‘“‘ad- 
sorption” depended on the metabolic state of the 
mycelial cells. In order to prove this assumption, an 
experiment was set up in which normal, starved and 
killed inoculums were employed. The amount of my- 
celial inoculum per culture flask was the same as used 
in a previous experiment (table 3). The three different 
types were inoculated into the same media as shown in 
table 3 and under the same conditions, except that the 
initial pH of all media was 7.0. 

The results of this experiment are recorded in table 4. 
It can be seen that the starved mycelia “adsorbed” as 


TABLE 3. Effect of different pH levels and glucose on 
lignosulfonate disappearance from solution 


MEDIA 


\Basal Medium plus Ligno-S 


Basal Medium plus 
INITIAL pH (0.5%) & glucose (2%) 


Ligno-S (0.5%) 


Per Cent 
Ligno-S 
Removed 


Per Cent 
Ligno-S 
Removed* 


Final pH Final pH 


7.20 55. 25.0 7.00 
3.00 54. 2.00 24.0 3.00 
1.50 52. 1.60 24.8 1.68 


* Analyses made after twelve days incubation by the ultra- 
violet absorption method. 


TABLE 4. Effect of the condition of mycelium on 
lignosulfonate disappearance from solution 
MEDIA 


Basal Medium plus 
Ligno-S (0.5%) & 
Glucose (2%) 


Basal Medium plus 


TYPE OF_INOCULUMS Ligno-S (0.5%) 


Per Cent | 
Ligno-S 
Removed* 


PerCent 
Ligno-S 
Removed 


Final 
pH 


Final 
pH 


SS ee 54.2 2.50 24.5 6.50 


| 


Starved 50.1 2.80 20.0 6.60 
Killed ie 3.5 6.75 3.0 6.85 


* Analyses made after twelve days incubation by the ultra- 
violet absorption method. 


much lignosulfonate as the normal in either medium. 
The killed cells, for practical purposes, did not remove 
any lignosulfonate in either media. These results seem 
to indicate that the ‘‘adsorption” of sodium lignosul- 
fonate from the media was not a mechanical process, 
but was a reaction directly connected with actively 
metabolizing mycelial cells. It would seem, therefore, 
that in the experiments previously described, ligno- 
sulfonate was not metabolized in the sense of a degrada- 
tion of the molecule but was either “‘adsorbed” or in- 
corporated into the mycelium in an intact form. In this 
siudy it may be said from comparative results not shown 
here, that the amount of methoxyl in solution compared 
With ultraviolet data on lignosulfonate removal was 
practically the same. It is believed by the authors that 


these two methods should be used to examine both the 
medium and mycelial yield in order to obtain valid 
analyses, when using soluble lignosulfonate substrates 
as carbon sources. 


SUMMARY 


The wood-rotting fungus Polyporus versicolor was 
tested for its ability to utilize sodium lignosulfonate 
either as a sole source of carbon or combined with 
glucose in a mineral salt basal medium. It was found 
by application of dry weight measurements, mycelial 
nitrogen determinations, methoxyl determinations, 
ultraviolet absorption recordings and glucose de- 
terminations that this fungus apparently did not 
utilize lignosulfonate as a sole carbon source. However, 
this fungus did remove the lignosulfonate from solu- 
tion. Proof of this was revealed by methoxyl and ultra- 
violet absorption results which showed the ligno- 
sulfonate to be present in or on the mycelia. 

It was also noted that glucose enhanced the dis- 
appearance of lignosulfonate from solution and that 
viable cells were required for this phenomenon to occur. 

The analytical procedures employed in this study 
presented a rational approach to the evaluation of 
microbial attack on lignin and related substances. 
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One of the most common abnormalities associated 
with olives pickled in California is known throughout 
the industry as ‘“‘yeast spots.’”’ This blemish, shown in 
figure 1, is characterized by the formation of raised 
white spots or pimples between the inner surface of the 
skin and the flesh of the olive. Although in general, 
the Sevillano variety most frequently shows this 
blemish, the spots may be found on all varieties and 
types of olives which have undergone fermentation 
in salt brines.' Because such olives are considered un- 
sightly, some loss of value of the pickled fruit may be 
experienced, although the olives may be _ perfectly 
normal and healthful in other respects. 

These small white spots actually are colonies of 
microorganisms which have developed during the 
fermentation. Vaughn, Douglas and Gililland (1943) 
reported that most of the pimples examined in the 
laboratory contained lactobacilli, some cultures of 
which were identified as Lactobacillus plantarum. Then 
a deliberate search for yeasts was initiated because 
general use of the term “yeast spots’ indicated that 
yeasts actually had been observed in the pimpled olives. 
No yeasts were found. After it was apparent that most, 


if not all, of the spots contained bacteria, it was decided 


to determine the predominating types. These investiga- 
tions are described in the following pages. 
EXPERIMENTAL METHODS 
Samples 

California olives collected for examination included 
Spanish type green olives, Sicilian type green olives, 
brined Greek type olives, storage fruit held in brines 
for subsequent preparation of ripe olives, and canned 
ripe olives. Authentic samples of Spanish green olives 
also were obtained. 

An individual sample consisted of at least 10 spotted 
olives. Between 1942 and 1952, 115 different samples 
were examined. These included 40 Spanish type, 25 
Sicilian type, 5 brined Greek type, 30 brined storage, 
5 canned ripe and 10 authentic Spanish olive samples. 


Microscopic Examination 


To determine whether bacteria or other microbes 
were present, the contents of at least 10 spots on each 


'-Consult Cruess (1931), (1948) and Vaughn (1946), (1947) 
for detailed descriptions of the types of olives. 


sample of olives were subjected to microscopic examina 
tion. The desired olives were rinsed in several changes 
of sterile water. The individual pimples were opened 
with a sterile dissecting needle and the microbial con- 
tents smeared onto glass slides, fixed and stained with 
the Gram stain. The stained preparations then were 
examined under the oil immersion lens. 


Isolation and Identification of the Bacteria 


To attempt isolation of viable bacteria from the spots, 
selected olives were rinsed in several changes of sterile 
water and then immersed for 10 minutes in a 1.0 per 
cent solution of mercuric chloride. The excess mercuric 
chloride was removed by rinsing the olives in several 
changes of sterile water. Then the individual pustules 
were opened as described above and a portion of the 





Fic. 1. Spanish type green olives with spots caused by 
Lactobacillus plantarum. 


contents touched to the surface of sterile liver infusion 
agar as when making a giant colony inoculation. The 
remaining portion was prepared for microscopic ex- 
amination as described above. If, after incubation for 
4 days at 30 C, in an atmosphere of nitrogen with 5 
per cent carbon dioxide, the colonies had grown, their 
cells were compared with those contained in the original 
pimple. Those colonies whose cells were similar to those 
of the original inoculum were purified and identified 
by conventional means. 


RESULTS 


The presence of bacteria. Bacteria but no yeasts were 
seen in the microscopic preparations made from the 
spotted olives collected for this study. The bacteria were 
always rod-shaped and varied in length from ellipsoidal 
to long forms. The majority of cells were gram positive. 
However, some samples contained both gram positive 
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and negative cells and a number of spots from old olives before microscopic observations were made. Conse- 
contained only gram negative rods. quently, most of the cultures were isolated from samples 

At first it was very difficult to obtain viable cells of California olives that were between 1 and 3 months 
from the spots but it was soon found that the number old. Unfortunately it was not possible to recover viable 


TaBLeE 1. Characteristics of the bacterial cultures isolated from ‘‘yeast spots”’ of olives 
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Fig. 2. Cross-section of an olive showing a subcutaneous colony of bacteria. Gram’s stain. 
rere 
the that contained recoverable cells markedly decreased cultures from the authentic Spanish samples or from 
rere as the olives increased in age. Viable cultures were not other California olives that were over 9 months old. 
idal obtained from any spots having a preponderance of Identification of the bacteria. ‘Twenty-five separate 
ive. gram negative cells. Presumably the Gram staining isolates obtained from 25 different samples of olives 
tive 


revction had changed during the long storage period were finally chosen for complete identification. All of 
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these cultures were gram positive, non-motile, catalase 
negative rods, 0.8—1.0 x 3.0-5.0 microns in size; did not 
produce significant quantities of acetic acid or carbon 
dioxide from glucose; and did not reduce fructose to 
mannitol. The specific characteristics which identified 
them as belonging to the homofermentative species 
Lactobacillus plantarum are shown in table 1. It will 
be noted that there is a very close relationship between 
the olive cultures and other isolates of L. plantarum 
described by Orla-Jensen (1919) and Pederson (1936). 


- 





’ 


“veast spots” although the fruit is fresh, the spo: . do 
not contain colonies of microorganisms and on lye 
treatment they disappear. Therefore, it is assumed _ hat 
the bacteria which finally develop into subcutan ous 
colonies gain entry through these enlarged pores 

Finally, it should be emphasized that olives are not 
the only food product subject to this bacterial spot: ing. 
Similar bacterial blemishes have been observed in ‘ om- 
mercial packs of Italian peppers (pepperoncini) and 
pickled green tomatoes. 





Fic. 3. Freshly harvested Sevillano olives with enlarged stomatal openings. The prom- 
inent white areas disappear when the air has been displaced and reappear only when bac- 
teria have developed during fermentation. (See figure 1). 


DIscUSSION 

Attempts to discover methods for control of this 
spotting of olives were not successful. Circumstantial 
evidence hints that prevention would be very difficult. 
The subcutaneous colonies of bacteria (figure 2) de- 
velop within the first few weeks after the olives have 
been placed in brine. Evidently, any factor which would 
influence the entrance of the bacteria through the pores 
or other breaks in the skin of the fruit might contribute 
to the development of these colonies. 

Olives of the Sevillano variety are particularly prone 
to have enlarged stomatal openings in their skin. As 
shown in figure 3, these enlarged pores appear to be like 


ACKNOWLEDGEMENTS 


The use of funds from grants-in-aid to the University 
of California by the California Olive Association and 
the State of California Olive Advisory Board are 
gratefully acknowledged. 


SUMMARY 


Microscopic and cultural study of the blemish of 
olives commonly known as “yeast spots” revealed the 
abnormality is caused by bacteria rather than by yeasts. 
The bacteria which could be isolated were identified 


as representatives of the species Lactobacillus plantarum. 
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The production of acetone and butanol by the 
Weizmann fermentation process has previously been 
described in some detail by NWilleffer (1927), Gabriel 
(1928), Gabriel and Crawford (1930) and Prescott and 
Dunn (1949). The complete description of the modern 
industrial process using starch-containing material and 
its resulting problems has not been previously reported. 
The following data are presented in an effort to bring 
up-to-date the literature on this subject. 


MIcROORGANISMS USED 


Clostridium acetobutylicum is the organism commonly 
used in the industrial acetone-butanol fermentation of 
starchy mashes. It is a spore-forming rod. Its inactive 
stage consists of a rod containing a spore, or a free spore 
by itself. There are several other types of organisms 
similar to C. acetobutylicum which deserve some men- 
tion. They are Clostridium roseum™and Clostridium 


felsineum. These organisms, when grown in a corn or 


starch mash, produce a pink-colored mash and produce 
yields of acetone and butanol equivalent to about one- 
half to three-quarters of that produced by C. aceto- 
butylicum. C. felsineum is used in the flax retting 
industry for its enzymatic powers of hydrolyzing the 
pectin, causing a separation of the fiber from the cortex 
and wood. Jean (1939) has patented the use of this 
culture to ferment an admixture of garbage and grains 
to n-butyl alcohol, acetone and ethyl alcohol. 
Numerous strains of C. acetobutylicum have been 
isolated. Some are characterized by different fermenta- 


Present address: Chas. Pfizer & Co., Brooklyn 6, N. Y. 


tions of carbohydrates, different ratios of solvents, 
immunity to bacteriophage attacks and visual char- 
acteristics of the fermentation. The isolation of new 
cultures of C. acetobutylicum may be accomplished in 
many ways. One consists of the introduction of a small 
amount of soil, manure, roots of leguminous plants, 
cereals, decayed wood, corn stalks, sewage or river- 
bottom-mud, into a sterile 4 per cent corn mash tube. 
The corn mash tube is then heated for two minutes at 
212 F in a boiling water bath or Arnold steamer to 
destroy any vegetative forms present; only the spores 
survive. These tubes are then cooled to 98 F and are 
allowed to incubate at 98 F in a constant temperature 
incubator for several days. Usually, in 24 hours’ time 
the tubes begin to produce gas and the corn starch 
undergoes fermentation. By noticing the head or cap 
(if one is formed) or by smelling the tube, one experi- 
enced in the art can determine with considerable cer- 
tainty whether an acetone-butanol organism is present. 
If neither of the above-mentioned criteria is evident, 
the usual custom is to discard the tube. If, however, 
the culture has a sweet butylic odor or the corn has 
formed a head on top, we then proceed to plate out the 
culture. This involves making dilutions of the unknown 
culture and adding these dilutions to Petri plates con- 
taining sterile malt agar, prepared especially for the 
isolation of such cultures. These plates are then incu- 
bated under strict anaerobic conditions for 48 to 72 
hours at 98 F. Upon observation of the plates, numer- 
ous colonies are picked from the plate and carried 
through a series of tests in corn mash, finishing up with 
a quantitative test on 8 per cent to 10 per cent corn 
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mash for solvent production, head formation, slime, pH, 
riboflavin content, time of fermentation and other 
characteristics. The best solvent-yielding cultures are 
allowed to sporulate by letting them incubate for about 
five days. This sporulated culture then is aseptically 
added to a sterile sand, soil and calcium carbonate 
mixture and dried for several days. This comprises the 
stock culture of the organism and has been found by 
experience to be the best storage method for industrial 
use. 

Another method of isolation which has worked ex- 
tremely well is to add 10 gram samples of starch-con- 
taining cereals to small Erlenmeyer flasks containing 
100 ml of sterile water. The contents are then pasteur- 
ized by holding the flasks in a water bath at 135 F for 
35 minutes. The flasks are then removed, cooled and 
incubated at 98 F. Observation of the previously men- 
tioned characteristics are made and the same procedure 
for isolation and testing of the organism is followed. 
It should be pointed out that considerable differences 
are noted between various strains of C. acetobutylicum 
and their ability to produce acetone and butanol. A 
complete bacteriological description of C. acetobutylicum 
was made by McCoy, Fred, Peterson and Hastings 
(1926) and by Weyer and Rettger (1927). 


Raw MatTeriats Usep 


The following carbohydrates or carbohydrate-con- 
taining raw materials have been used either alone or in 
admixture in the acetone-butanol fermentation with 
C. acetobutylicum: Maize, kaffir corn, rye, wheat, rice, 
milo, cassava, horse chestnuts, artichokes, granular 
flour, potatoes, sweet potatoes, hydrolyzed peanut 
hulls and oat hulls, hydrolyzed corn cobs, pentoses such 
as arabinose and xylose, Irish moss, heated whey, 
grape musts, waste sulfite liquor, jawari, manioc, dari, 
bajra, hexoses, molasses and sugar syrups. Some of 
these raw materials can be used simply by rendering 
the starch soluble; others require hydrolysis. Thus 
corn or cereal meal may partially be replaced by su- 
crose, glucose, molasses, hydrol, or hydrolyzed cellulose 
or pentosans. 


FERMENTATION PROCESS 


The modern fermentation is carried out with moder- 
ate changes in procedure from that of Weizmann’s 
original patented process. The classic material used is 
corn (or maize). The corn is first screened; particles of 
dust and iron are removed by screening and passing 
the grain over a magnetic separator. Sometimes the 
grain is treated to remove the germ from which corn 
oil may be expelled. This corn oil may also be recovered 
after fermentation, either from the germ by expelling, 
or from the various fractions of the dried stillage by 
extraction with oil solvents. The kernel remaining, or 
the whole corn if the germ is not removed, is ground in 


either roller mills or hammer mills into a fine pow: er, 
If potatoes are used, they are hammered into a puipy, 
watery mass and diluted to a consistency which pern its 
pumping. Ground corn is mixed with water and stem 
to give a concentration of 8 to 10: per cent corn. ‘I his 
mash was formerly cooked in ‘Batch Cookers’’, a term 
given to a 10,000-gallon horizontal pressure ve-sel 
equipped with an agitator or rake and numerous stcam 
injection ports. The mash could be cooked up under 
pressure using agitation and be blown down beiore 
cooling. The more modern type of mash cooking is the 
“continuous” method such as described and patented 
by Carnarius (1947), or a process similar to that de- 
scribed by Pfeifer and Vojnovich (1952). Using the 
Carnarius process, the mash is heated with a steam 
injector and pumped under pressure through a series 
of from four to six elongated, vertical pressure-deten- 
tion-tanks of 13,000-gallon capacity, moving downward 
slowly in each of these along a spiral path. When leav- 
ing the last tank the mash is sterile. 

The following procedure is usually followed. The 
entire cooking system is filled with mash and recircula- 
tion is accomplished by means of pumps. A temperature 
of 250 to 260 F is maintained for about 60 minutes, at 
which time the mash is drawn off and fresh mash fed 
to the system continuously. The starch in the corn is 
rendered soluble and the entire mash is sterilized. The 
cooked mash is pumped from the cookers—at which 
time it may be diluted by adding water at 180 F—into 
a series of double-pipe coolers which will lower the 
temperature of the heated mash to about 98 F. It is 
necessary to have all the lines, pumps, coolers and every 
pipe and valve with which the mash or culture comes 
in contact sterilized by means of steam. The cooled 
mash is then pumped into the sterile final fermentation 
tank which may be of 60,000 to 500,000 gallon capacity. 
At the time the final fermentor is being filled a culture 
from a 24-hour-old fermentation tank is also added 
to the fermentor. There are two ways of filling the final 
fermentor. One is to add the culture and partially fill 
the fermentation tank with sterilized corn mash, then 
after a period of a few hours add the rest of the mash. 
This method is known as a “deferred filling’. The other 
and most commonly applied method is to fill the tank in 
one filling, adding the culture at the start. The ad- 
vantage of using a “deferred filling” is that the culture 
multiplies many-fold before the rest of the mash is 
added, thus speeding up the final fermentation and 
tending to suppress contaminants. 

The handling of the culture or seed is very critical. 
The plant is dependent on the bacteriologist’s having 
present an absolutely pure stock culture of the bacteria 
in the spore stage. These spores are maintained on the 
standard soil-sand-carbonate mixture. The first step 
is to remove some of these pure-culture spores and mix 
them with a fresh sterilized corn or potato mash of 








about ¢ 
subject 
for exa 
bath a 
moved 
the firs 
elimin: 
in the 
ing spc 
and na 
employ 
Afte 
tempe 
hours. 
and th 
tion a 
tube ¢ 
Erlenr 
meal 1 
the fir 
anaer¢ 
the se 
hours 
flask | 
Erlem 
cent ¢ 
24 ho 
out to 
After 
hours 
plant 
has sl 
one’s 
transt 
for ty 
produ 
Th 
lon ja 
agitat 
the | 
plant 
sterili 
to 98 
the ¢ 
poun 
main 
conta 
ocula 
for 1 
tamil 


Stuge 


be us 
on tl 
teste 
acidi 
ou! 





ery 
nes 
led 
ion 
ity. 
ure 
ded 
nal 

fill 
hen 
ish. 
her 
k in 
ad- 
ure 
1 is 
and 


eal. 
ring 
eria 
the 
step 
mix 
1 of 





ACETONE-BUTANOL FERMENTATION OF STARCHES 87 


about 4 per cent starch concentration. This tube is then 
subjected to a heat shock or pasteurization treatment; 
for example, the tube may be placed in a boiling water 
bath at 212 F and held there for 90 seconds, then re- 
moved and cooled to 98 F. This tube is then known as 
the first laboratory stage. The heat shock is given to 
eliminate any vegetative cells or weak spores present 
in the tube and to stimulate germination of the remain- 
ing spores. The heat shock varies, depending on the size 
and nature of the tube and the character of the medium 
employed. 

After heat shocking, the tube is placed in a constant 
temperature incubator at 98 F and held for 20 to 24 
hours. During this time the spores have germinated 
and the vegetative cells or active form of the fermenta- 
tion appear. At the end of 20 to 24 hours, the entire 
tube culture is transferred aseptically to a 1000 ml 
Erlenmeyer flask containing 600 ml of a sterile corn 
meal mash of 8 per cent concentration. After transfer, 
the first stage is plated out to detect if any facultative 
anaerobes such as lactic acid bacteria are present, and 
the second-stage flask is allowed to incubate for 24 
hours at 98 F. At the end of this time, the second-stage 
flask is used to inoculate (3 per cent inoculum) an 
Erlenmeyer flask containing 3000 ml of a sterile 8 per 
cent corn meal mash and this flask is incubated for 
24 hours at 98 F. The second-stage flask is also plated 
out to detect whether facultative anaerobes are present. 
After incubation of the large Erlenmeyer flask for 24 
hours at 98 F, it is ready for inoculation into the first 
plant stage; providing, of course, that no contamination 
has shown up in the earlier stages. It may also be to 
one’s advantage to carry out several more laboratory 
transfers before using it in the plant stage (see table 1 
for typical data on the effect of transfer on yields of 
products). 

The first plant stage consists commonly of a 5000 gal- 
lon jacketed, iron fermentation tank equipped with an 
agitator and inoculating device. The entire contents of 
the large Erlenmeyer flask are inoculated into this 
plant tank which contains about 4000 gallons of a 
sterilized 8 per cent corn mash which has been cooled 
to 98 F. After inoculation, the tank is agitated to mix 
the culture and mash and the tank is held under 15 
pounds of sterile air or fermentation gas pressure to 
maintain an anaerobic condition and to prevent outside 
contamination from entering. The culture used to in- 
oculate the first plant stage is also plated out to check 
for micro aerophilic or facultative anaerobic con- 
tamination. If for any reason any one of the previous 
stages shows contamination, the plant stage will not 
be used. A close watch is maintained at hourly intervals 
on the first plant stage and samples are plated out and 
tested at various intervals for gas formation, pH, 
acidity and temperature. The titratable acidity starts 
ou' low and builds up to a peak in approximately 


18 hours; then, in a normal fermentation, starts to fall 
off. This point is known as the “break”’. As the plant 
stage ‘‘breaks’’ it is used to inoculate the final fermenta- 
tion tank of a capacity of 60,000 to 500,000 gallons. 
These final fermentation tanks are usually of a pressure 
type withstanding 15 to 25 pounds of steam pressure 
and usually are either cylindrical, spherical or spheroid 
in shape. The tanks are fitted with gauge glasses, tem- 
perature recorders, vacuum breakers, safety relief valves 
and a manhole cover for use in cleaning. Various per- 
centages of inoculum are used ranging from 0.5 to 
3.0 per cent. In the final tank the fermentation is car- 
ried through to completion, utilizing a corn meal 
mash of 8 to 10 per cent concentration. Observation of 
the changes occurring in the corn mash shows the or- 
ganism’s amylolytic activity, as indicated by the 
decrease in viscosity and opaqueness of the mash. In 


TABLE 1. Effect on the total solvents and acetone of transferring 
Clostridium acetobutylicum through 12 transfers 
on 8 per cent corn mash 


ACETONE PER CENT OF 


TRANSFER TOTAL SOLVENTS TOTAL SOLVENTS 
gf 

2 15.08 35.45 
3 15.58 29.90 
4 16.03 32.40 
5 16.62 30.80 
6 18.40 28.00 
7 18.53 29.80 
8 19.30 30.50 
9 19.16 29.50 
10 19.98 28.50 
11 19.99 25.00 
.80 


12 19.85 25 


addition to these changes, there is a vigorous gas 
production and, usually, a compact head formation 
consisting of protein, fibrous material and slime. This 
head is forced to the top of the liquid in the early stages 
of the fermentation and remains there until the fer- 
mentation is completed, at which time it tends to settle 
to the bottom. Some culture strains rarely head up. 

A study of the cyclical changes in the development 
of C. acetobutylicum in the fermentation was made by 
Peterson and Fred (1932). 

A very close watch is kept on the final fermentation 
tanks for changes in pH, acidity, gas formation and 
bacterial contamination (both microscopic, nutrient 
broth turbidity tubes and by means of plating). When 
the fermentation is completed (50 to 60 hours) the 
contents of the tank are pumped into a surge tank or 
beer well and the fermentor tank is cleaned, sterilized 
and made ready for the next fermentation. Sometimes 
it is advisable to pump the partially finished fermenta- 
tion mash (at 20 hours or after the acid break) into a 
finishing tank in which the fermentation may be com- 
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pleted. The advantage gained here is that the finishing 
tank does not have to be sterilized and may be a large 
open-top tank. This procedure makes the pressure fer- 
menting vessels available for re-use in a very short time 
and a large production schedule can be maintained. The 
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Fig. 1. Flow diagram of typical modern acetone-butanol fermentation using starch products. 


one disadvantage is that the finishing tanks are never 
sterile and the contamination present may slighty 
affect the over-all yield and, at the same time, cause 
the acidity to rise in the mash. The final fermentor is 
the source of income and has to be handled economi- 
cally. It usually contains $1,000 to $5,000 worth of raw 
materials and it is essential to maintain conditions 
necessary for the complete fermentation and recovery 
of all products. Figure 1 shows a typical modern flow 
diagram of the acetone - butanol fermentation of 
starches. Figure 2 shows Hortonspheres of 15,000 bbl 


Conditions For Fermentation 


The optimum temperature for the acetone-butanol 
fermentation using C. acetobutylicum is 98 F. A range 
of 93 to 106 F results in a fairly normal fermentation, 
but with changes in solvent ratios and losses of acetone 
at the higher temperature unless the gases are scrubbed 
to remove the solvents. The organism produces its best 
yields under strict anaerobic conditions. Usually 
open vessel fermentations this anaerobiosis is obtained 
by the formation of a head and presence of carbon 
dioxide over the surface of the mash. The pH may 
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range from 4.0 to 7.0 by the butanol organisms. The 
usual starting pH is 6.0 to 6.5 and the final pH, 4.2 to 
14. The addition of calcium carbonate to the acetone- 
butanol fermentation medium causes a decrease in the 
yield of acetone and butanol in proportion to the 
amount of carbonate added; the volatile acids, butyric 
and acetic, are increased, while alcohol formation is 


Photograph—Chicago Bridge and Iron Co., Chicago, IIl. 
Fic. 2. Hortonspheres of 4,500 to 9,000 barrel capacity are 
now employed in the Acetone Butanol fermentation. 





Fig. 3. Clostridium acetobutylicum (Weizmann) colonies, 
Strain B9 grown on malt agar. 


suppressed. The addition of calcium carbonate to 
special grain mashes for the production of large amounts 
of riboflavin by use of C. acetobutylicum is the subject 
of a patent by Yamasaki (1942). The exact concentra- 
tion of raw material to be used depends on the starch 
content. Usually, in plant practice, concentrations of 
corn of 8 to 10 per cent (5 to 6.5 per cent starch) are 
used and are readily fermented’with high yields. Some 
meterials, due to their high viscosity (potatoes, for 
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‘cannot properly be handled when 
concentrations are run. 


example), high 


NITROGEN REQUIREMENTS 


The question of nutritional requirements for C. aceto- 
butylicum has received considerable attention from 
numerous investigators. Oxford, Lampen and Peterson 
(1940), and Weizmann (1945), have found biotin and 
p-amino benzoic acid, respectively, to be the chief 
growth factors necessary for growth and fermentation 
by C. acetobutylicum. Actually, in plant practice, using 
ground wheat, corn, milo or rye, all the necessary acces- 
sory or stimulating substances are present, giving a 
normal fermentation. However, the addition of either 
ethyl grain stillage or butyl grain stillage results in a 
better than normal fermentation. Patents have been 
issued to Legg and Stiles (1936), Hancock (1934) and 
McCutchan and Arzberger (1935), using various 
amounts of stillage and using a continuous recycling 


TABLE 2. Comparison of acetone-butanol solvent 
production using various grains 


| 


j SOLVENT YIELD 


FERMENTATION MASH | tonne popctnoco 

vor aos a | SOLVENTS Dry grain Starch 

| basis basis 

s/t % % % 

Uy | oe 15.76 28 .03 25.30 35.00 
8% corm.......... 17.80 32.30 25.00 33.40 
9% corn...... 19.93 31.60 25.50 34.00 
7% wheat.... .-| 13.62 29 .67 21.50 30.00 
7% granular flour... .. 16.04 31.61 24.90 33.40 
7% milo flour.........| 16.84 28 .67 28.30 35.20 
7% whole milo......... 15.05 29 .00 24.80 33.40 


Culture used: C. acetobutylicum (Strain 16) 


process. These processes not only give marked improve- 
ment in yield but are also of considerable economic 
value in that water and steam are saved. The process 
also reduces foaming in fermentors, making it possible 
to use larger volumes of mash in the tanks. The in- 
creases in yield are probably due to soluble proteins, 
proteoses, peptones, amino acids and vitamins present 
in the stillage which exert a stimulating effect. 


CONTAMINATION PROBLEMS 


The greatest problem in the fermentation industry is 
maintenance of sterile conditions completely through 
the plant’s system of tanks, pipes, valves, cookers, 
coolers and other mechanical devices with which the 
mash comes in contact. These sterile conditions are not 
only necessary in the equipment but are also necessary 
in the cooked mash, and in the pure culture system 
from the original stock culture through the final fer- 
mentation. In maintenance of plant equipment it is 
necessary to put all tanks, valves, pipes, cookers and 
coolers under steam or steam pressure before using. 
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Inoculating lines are kept under steam continuously 
except for the time when they are used. Packing glands 
on agitators are usually filled with a disinfecting grease 
or supplied with steam seals. The valves on all connec- 
tions are closely watched and replaced whenever 
necessary. In the handling of some types of materials 
like potatoes, considerable sand and dirt are encoun- 
tered which clog lines, cause wear on valves and, in 
general, complicate the activities of the plant personnel. 

Various types of contaminants have been found in 
the acetone-butanol fermentation. These contaminants 
find their way into the system in various ways such as 
through leaky coolers, dirty cookers, improper cooking, 
inadequate sterilization of the lines, valves, pumps, 
leaky equipment, use of a low temperature dilution 
water and backing up of the gas headers. Contaminants 
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are long or short rods, some so small as to resen ble 
cocci and diplo-coeci. These other species are noi so 
harmful as Bacillus volutans (figures 4 and 5). 

In the presence of certain strains of lactic acid |.ac- 
teria the characteristic gas and head of the butyl 
alcohol fermentation are lacking and most of the mash 
remains as an unfermented residue in the bottom of the 
tank. These bacteria produce toxic amounts of lactic 
acid in the presence of C. acetobutylicum and which 
inhibit the conversion of the acetic and butyric acids to 
solvents, thus still further lowering the pH of the 
medium. Sometimes the plant fermentation may be 
saved or partially salvaged by the rapid addition of 
alkali to raise the pH to the normal level. Freiberg 
(1925) claimed that acid formation may be inhibited by 
rapidly decreasing the temperature to 85 to 95F. 





Fic. 4. Lactobacillus colonies 600X. These bacteria slightly affect the 


fermentation yield. 


may be divided into three types. The lactic acid bac- 
teria are the most common contaminants and cause of 
loss in yield. These lactic acid-producing bacteria have 
been the subject of papers by Thaysen (1921), Speak- 
man and Phillips (1924), Fred, Peterson and Mulvania 
(1926) and Bekhtereva (1943). The microorganisms, 
Lactobacillus leichmannii (also called Bacillus volutans), 
a high acid-forming organism, Lactobacillus buchneri 
(Lactobacillus mannitopoeus), Lactobacillus gracile (Leu- 
conostoc?) and Lactobacillus fermenti (Lactobacillus in- 
termedium), are listed in the order of their decreasing 
inhibiting effect. The growth of C. acetobutylicum favors 
development of these bacteria: (1) By hydrolysis of 
the starch to fermentable sugar and (2) by proteolysis 
of the nitrogen compounds to amino acids. Bacillus 
volutans (or Lactobacillus leichmannii) is a’gram positive 
organism possessing volutin granules that may bestained 
by methylene blue to a deep purple. The other species 


Weyer (1928) claimed the addition of butyl resorcinol 
or butyl phenol is toxic to the contaminants but not to 
the butyl organism. Methods of detecting contamina- 
tion are gas evolution, titratable acidity, nutrient broth 
turbidity tube test, microscopic observation and plat- 
ing. Marked changes in the pH or gas evolution rate 
indicate serious conditions in the fermenting mash. A 
second type of contamination is that caused by other 
bacteria or yeasts. Types such as Streptococcus lactis, 
Bacillus subtilis morphotype globigit, Bacillus subtilis 
morphotype mesentericus, and various yeasts have been 
found but their presence has been only slightly detri- 
mental to the fermentation. The last type of contamina- 
tion found and the most deadly and insidious of all 
types is the bacteriophage, or filterable virus. How the 
bacteriophage enters the fermentation process is a mat- 
ter of wide speculation. Numerous theories have been 
developed, none of which has been proven. The bac- 
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teriophages affecting the acetone-butanol organisms 
have been found in the soil, in rivers, in the air and in 
some of the raw materials used. In other words, it is 
widely dispersed. The presence of a bacteriophage 
usually becomes evident at approximately the 18th 
hour after inoculation. The fermentation at this time 
is nearing the heading point when it is suddenly struck 
down and almost ceases to give off gas. The partial 
head and all the grain on the surface starts to settle, 
leaving a cloudy supernatant liquid which clears on 
standing. The total acidity at this time is usually 5.5 ml 
of 0.1 N NaOH per 10 ml of mash, which is about the 
normal peak acidity before the break. Upon being in- 
fected with a bacteriophage the acidity rises further and 
then remains constant. The bacteriophage can be iso- 
lated from the mash by adjusting the pH to 6.9 to 7.0 





& 





(1938)) showing a process for selecting immune strains 
by repeated subculturing of the organism in the pres- 
ence of small amounts of the bacteriophage. Others 
have found that by plating out the original strain and 
selecting various colonies they may isolate immune 
strains or, by placing a non-immune culture on a plot 
of open, unsterile soil and re-isolating the culture six 
months later, they may have an immune strain. The 
last procedure is the subject of a patent by Hanson 
(1937). 

It has been the author’s experience that any culture 
which has been properly immunized by suitable means, 
loses some of its activity. The fermentation is slightly 
slower, a somewhat lower concentration of mash is fer- 
mented and the solvent yield is slightly less than was 
previously obtained by the non-immune strain. An 


Fig. 5. Lactobacillus colonies 600X. These bacteria seriously affect 


the fermentation yield. 


with NaOH and filtering through a Berkefeld or Mand- 
ler filter. These bacteriophages retain their virulence 
for an indefinite period at room temperature and they 
have been kept for years sealed off at reduced tem- 
peratures. Five minutes’ exposure in a tube to live steam 
causes a precipitation of matter, probably protein, and 
the bacteriophage is inactivated. In table 3, data are 
presented showing the effect of a bacteriophage, which 
the author isolated, on solvent yields of C. aceto- 
butylicum. 

The only immediate recourse to a bacteriophage 
attack is to substitute at once an immune strain. Most 
industrial fermentation plants keep on hand a large 
number of strains, new isolations and previously im- 
munized organisms which can be tested rapidly and 
substituted in the plant for the organism which has 
been affected. Various methods of selecting immune 
strains of the organism have been tried. Some methods 
have been patented (Legg (1928) and Legg and Walton 


example of this is shown in table 4. The decreased yield 
is usually sacrificed, however, by the insistent demand 
for an immune culture since when a bacteriophage 
shows up in the plant, it usually spreads rapidly regard- 
less of attempted controls and the only hope is for an 
immune strain or a complete change-over of raw mate- 
rial and cultures. The author has found that the bac- 
teriophage, when first isolated, is superior for use in 
immunization treatments since this first filtrate does 
not have the potency of later filtrates. Potencies 
whereby the culture was affected by the addition of 1 
to 5 billion dilution of a bacteriophage-containing fil- 
trate are known to the author. During a siege of bac- 
teriophage in the plant, the bacteriophage may become 
increasingly active to a point where the fermentation 
may not even start. McCoy, McDaniel and Sylvester 
(1944) isolated four serologically different strains of 
bacteriophage for the same butyl culture. They also 
describe a method of immunization. 
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Toxic effects have been noticed in the fermentations 
when repeatedly re-cycling high concentrations of stil- 
lage or when using copper equipment for the first few 
times. After copper equipment has been used for some 
time a surface coating is built up which prevents the 
copper from acting as a poison. The acetone-butanol fer- 
mentation of corn by C. acetobutylicum is usually inhib- 
ited by 40 ppm of copperand almost completely inhibited 
by the addition of 50 ppm copper. The maximum tolerated 


TABLE 3. Effect of bacteriophage on the acetone-butanol fer 
mentation of corn mash by Clostridium acetobutylicum 
(Strain 16)* 


: s DILUTION OF BACTERIOPHAGE TOTAL 
—— 1 ML ADDED SOLVENTS 
ell 
lj control (none) 16.41 
2 Undiluted 0.36 
3 of 1-10 dilution 0.56 
4 of 1-100 dilution 0.86 
5 of 1-1,000 dilution 0.64 
6 of 1-10,000 dilution 1.21 
7 of 1—100,000 dilution 1.06 
8 of 1-1 million dilution 15.82 
9 of 1-10 million dilution 15.92 
10 of 1-100 million dilution 15.74 
11 of 1-1 billion dilution 16.49 


* A 3 per cent inoculum was used. 
+8 per cent Corn mash of 700 ml volume was used_in all 
flasks. 


TaBLeE 4+. Comparison of yields of non-immune and immune 
cultures of Clostridium acetobutylicum in 7 per cent corn 





mash 
TOTAL SOLVENTS YIELD 

Cute: | Grama per | Acttoweof | Drygnin | Wet starch 
16* 15.66 32.30 33.10 

16 16.04 30.76 34.00 

16 16.04 31.30 2 34.00 

16 I+ 15.20 31.81 24.6: 32.80 

16 I 15.31 31.66 24.6: 32.83 

16 I 15.06 31.44 24.22 32.80 


* Culture 16—Standard non-immune strain. 
+ Culture 16 I—Immune to bacteriophage. 


limit lies between 30 and 40 ppm of copper ion. This 
limit varies, however, depending on the strain and 
whether it has become acclimated to high levels of 
copper. 


YIELDS AND Recovery OF END Propucts 


The most important products formed in the acetone- 
butanol fermentation are n-butyl alcohol, acetone, 
ethyl alcohol, carbon dioxide, hydrogen and riboflavin- 
containing feeds from the fermentation residue. In the 
normal acetone-butanol fermentation of starches we 
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may expect a ratio of solvents of approximately 60 
butyl, 30 acetone and 10 ethyl. Various factors in lu- 
ence changes in these ratios. The material to be ‘er- 
mented, cultures used, temperature, use of still:ge, 
contaminants present and the addition of various che mi- 
cals, all serve to change the ratio of solvents produced, 
Sucrose, levulose and xylose yield normal ratios of sol- 
vents but arabinose (a 5 carbon sugar) yields a 50-40 10 
ratio. We can expect from 4.3 pounds of corn, | 
pound of mixed solvents from the C. acetobutylicum 
fermentation. This corresponds to a yield of 1 pound of 
mixed solvents from 2.9 pounds of starch. In table 5, 
there is compiled from laboratory data the yield of 
products normally obtained from corn mash fermented 
with C. acetobutylicum. In addition to the products pre- 
viously mentioned, a yellow oil has been obtained by 
Marvel and Broderick (1925). The yellow oil consti- 
tutes 0.5 to 1.0 per cent of the total solvents and con- 
sists of a high boiling point mixture of n-butyl, amyl, 
iso-amyl and n-hexyl alcohol and the n-butyric, cap- 
rylic and capric esters of these alcohols. 

The stillage obtained after distillation of the solvents 
has become a major by-product in the past ten years 
due to its widespread use in animal feeds. The normal 
dried stillage contains various vitamins, among them 
riboflavin or vitamin Bs in amounts of 40 to 80 micro- 
grams per gram (dry weight), and vitamin By in 
amounts of 20 to 30 milli micrograms. Various investi- 
gators have found ways to increase the amount of ribo- 
flavin produced in the acetone-butanol fermentation by 
C. acetobutylicum. 

Miner (1940) first discovered that butyl] stillage resi- 
dues contain vitamin B,. and that the various buty! 
bacilli are capable of synthesis of the vitamin. A short 
time later Yamasaki (1942) discovered that the addi- 
tion of calcium carbonate to various cereal mashes 
causes an increase in riboflavin content. Arzberger 
(1936) found that iron present in the grain mash was 
responsible for the naturally low yield of the vitamin 
and that certain other metals such as Ni, Co, Cu, Pb 
and Zn affected the riboflavin synthesis. Upon removal 
of all such substances he obtained yields as high as 3,000 
micrograms of riboflavin per gram of dry mash. Wal- 
ton (1945) found that by use of brown rice mixed with 
corn, using Arzberger’s modification, the amount of 
riboflavin could be increased to about 4,000 micro- 
grams per gram and occasionally to as high as 6,000 
micrograms. Legg and Beesch (1945) found that the 
addition of from 0.04 to 0.035 per cent of a substance 
capable of liberating a sulphite radical in the presence 
of water stabilized the production of riboflavin giving 
consistently higher yields. The author later found that 
by fermenting a granular wheat flour mash of 4 per cent 
concentration (relatively iron free) he could obtain 
riboflavin in amounts of 6,000 to 7,000 micrograms per 
gram. Table 6 shows typical data obtained. Leviton 
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(1946) theorized that the destruction of riboflavin by 
the (’. acetobutylicum operates through a peroxide mech- 
anism, which is supported by experiments in which sig- 
nificant increases in yield of riboflavin are obtained by 
use of sodium hydrosulfite and traces of crystalline 
catalase. Hickey (1947) has found that the iron present 
in the mash can also be inactivated by use of 2 ,2’-bi- 
pyridine which is well known for its ability to form a 
very stable complex with the ferrous iron. The author 
has also found that the presence of 40 ppm of 8-hy- 
droxy-quinoline will inactivate 2-3 ppm of iron, result- 


form the hydrogen may be used for synthesis of ammo- 
nia without difficulty and the nitrogen required may be 
easily obtained in satisfactory pure form by burning a 
part of this hydrogen in air. It is also possible by pass- 
ing the mixed gases over heated carbon to procure a 
mixture of carbon monoxide and hydrogen which can 
serve as materials for the synthesis of methanol, if de- 
sired. If recovery of the gases is not made the gas is 
usually scrubbed and approximately | per cent of the 
solvents is recovered in the ratio of 65 per cent acetone, 
30 per cent butanol and 5 per cent ethanol. 


TABLE 5. Average yields obtained from acetone-butanol fermentation of corn with Clostridium acetobutylicum 


STARCH 
lb 

1 bushel corn (56 Ibs) 12% moisture 68% starch 35.3 
1,000 pounds starch 1,000 
1,000 pounds corn 12% moisture 63% starch... 630 
1,000 gallons mash 9% wet basis corn....... 473 


Yield on dry corn 27.0 per cent 
Yield on wet corn 23.8 per cent (12 per cent moisture) 
Yield on starch 38.0 per cent (63 per cent starch in corn) 
Composition of solvents: 

58 per cent n-butyl alcohol 

28 per cent acetone 

14 per cent ethanol 


ing in a fermentation giving high yields of riboflavin. 
Other iron-forming complex salts such as o-phenan- 
throline and sodium catechol disulfonate were ineffec- 
tive. 

These various methods of riboflavin production on a 
commercial scale have been superseded by the use of 
cultures of Hremothecium ashbyii and Ashbya gossypii 
when grown on ethyl and butyl grain stillages and dex- 
trose-stick liquor corn steep mashes, respectively. 


GASES 


The gases, carbon dioxide and hydrogen, produced 
during the fermentation, weigh over 1.5 times as much 
as the neutral solvents obtained. From the start of the 
fermentation until the 15th hour the volume of hydro- 
gen given off is much greater than the carbon dioxide, 
due in part to the carbon dioxide being absorbed in the 
mash in the early hours. The total gas evolved contains 
about 60 per cent carbon dioxide and 40 per cent hydro- 
gen by volume. Table 5 gives the average yield of gases 
obtained from various amounts of corn and starch. The 
large quantities of mixed hydrogen and carbon dioxide 
produced are of a high purity and their utilization has 
been the subject of intensive research. The separation 
of CO, from Hy, is done by passing the gas mixture under 
pressure through a scrubbing tower which dissolves al- 
most all of the CO, leaving the hydrogen. The hydro- 
gen is then given a treatment with caustic soda solution 
Which results in a highly purified product. In this pure 


TOTAL BUTYL eae ETHYL me . 
SOLVENTS | ALCOHOL ee atconas...} "> avon" CO: 
lb lb lb lb lb 1) 
13.3 461 3.72 1.86 0.6 22.1 
380 220 106 53 17 626 
238 138 66.6 33.3 10.7 394 


178 103 49.6 24.9 8.04 296 


TABLE 6. Production of high yields of riboflavin from 4 per cent 
granular wheat flour fermentations utilizing 
Clostridium acetobutylicum (Strain 38) 

*RIBOFLAVIN MICRO- 


GRAMS PER GRAM OF 
DRIED FERMENTATION 


FLASK NUMBER TOTAL SOLVENTS 


RESIDUE 
g/l 
i 8.90 5400 
2 8.74 4700 
3 8.71 6790 
4 8.92 6995 
5 8.88 6500 


* Average results of three flasks. 


By-Propucrt FEEDS AND FEED VALUES FROM THE 
ACETONE-BUTANOL FERMENTATION OF 
AMYLACEOUS MATERIALS 


The disposal of by-products and wastes from a fer- 
mentation industry is an ever-present problem. Cer- 
tain by-products such as distiller’s grains have con- 
siderable value in animal feeds. The advances made in 
our knowledge of vitamins have supported the feeding 
of the distillery by-products to various animals. Stillage 
from the acetone-butanol plants previously was run 
into the river as it was the most economical procedure. 
Recently, the distilleries have been compelled to process 
their wastes in order to dispose of them without exces- 
sive pollution of the streams even though this processing 
was done at a loss. Research on ways to utilize these 
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TABLE 7. Feed values recoverable from acetone-butanol fermentation of blackstrap and invert molasses 


FRACTIONS OF STILLAGE 


Total solids evaporation whole stillage 
Solids recoverable by centrifuge 


Dried effluent from centrifuge. . 


KIND OF MOLASSES 


> 


Invert 
Blackstrap 
Invert 
Blackstrap 
Invert 
Blackstrap 


TABLE 8. Acetone-butanol fermentation 


100 POUND 


Dry corn. . 
Dry hard winter wheat 
Dry rye 


*TOTAL 
SOLVENTS 


25 to 26 
24 to 25 
22 to 24 


Blackstrap molasses (58% sugar) 16 to 17 
Invert molasses (78% sugar). . 23 to 24 


BUTYL ALCOHOL 


14.3 to 14. 
13.7 to 14.; 
12.6 to 18. 

11 to 12 
15.5 to 16.0 


“Iw © 


100 POUNDS MOLASSES 
UNDS MOLASSE ANALYSIS DRY BASIS RIBOFIL 


DRY MATTER GIVES POUNDS OF VIN 
IN STILLAGE — = 
Dry feed Protein Protein Fat Ash 

1.15 7.7 6.5 36.8 0.31 12.1 52 
2.71 28.6 6.0 20.8 0.14 23.2 38 
0.17 2.6 2.0 77.6 2.00 4.8 49 
0.22 2.3 1.3 57.5 2.60 7.2 27 
0.96 14.8 4.1 28.1 0.0 13.4 54 
2.50 26.3 ‘2 16.0 0.0 25.9 37 


yields of solvents, feed, protein, riboflavin 


MICROGRAMS 


a as DRY PRO- PRO- 
ACETONE ET ALCO! ER G 
HYL ALCOHOL <xD TRIN TEIN PER GRAM 
RIBOFLAVIN 
lb lb % 


.3 to 7.6 0.35 to 0.36 36.8 | 10.8 | 32.8 40 to 70 
0 to 7.3 0.34 to 0.34 35.6 | 14.3 | 40.3 40 to 70 


6.4 to 7.0 0.31 to 0.34 35.0 | 14.1 | 40.0 30 to 50 
4.9 to 5.0 0.05 28.6 6.0 20.9 30 to 50 
6.5 to 7.0 0.07 Oe | 6.5 36.8 50 to 65 


* Assume butanol-acetone-ethanol proportion of 57-29-14 for grain and 68-29-3 for molasses. 


TABLE 9. Feed values recoverable from acetone-butanol fermentation of whole ground corn, wheat and rye 


FRACTIONS OF STILLAGE 


A. Solids by evaporation of whole stil- 
lage 


B. Dried solids on 40 mesh screen. 


C. Solids thru 40 mesh screen. . . 


D. Solids centrifuged from C 


E. Dried effluent from centrifuge. . 


* Concentration of corn in original mash 6.3 per cent; whe 


DRY 

*KIND OF MATTER 

GRAIN IN 

STILLAGE 
Corn 2.32 
Wheat 2.54 
Rye 2.46 
Corn 0.34 
Wheat 0.60 
Rye 0.74 
Corn 1.95 
Wheat 2.02 
Rye 2.04 
Corn 0.31 
Wheat 0.38 
Rye 0.35 
Corn 1.68 
Wheat 1.39 
Rye 1.69 


TABLE 10. Yield of screenables and solubles in stillage from 


acetone-butanol fermentation of potatoes 


100 pounds Whole potato of 78-84 per cent moisture 
gives approximately : 0.5-0.52 pounds of 
dry screenables and 4.5-4.7 pounds of 


dry solubles. 


100 pounds Dry potato gives approximately: 2.4-3.2 
pounds of dry screenables and 2.2-2.9 
pounds of dry solubles; plus 19.8 pounds 


of total mixed so 


lvents. 


100 POUNDS DRY 


aie cawes ANALYSIS DRY BASIS STILLAGE RIBOFLAVIN 

MICROGRAMS 

PER GRAM 

Dry feed Protein Protein Fat Fibre Ash 
lb lb % % % % 

36.8 10.80 32.8 14.2 4.9 4.1 41 
35.6 14.32 40.3 6.5 6.8 5.5 47 
35.2 14.10 40.0 6.6 5.3 6.9 35 
8.6 1.00 19.1 16.9 16.6 1.5 6 
8.4 1.59 18.9 10.2 21.3 1.4 14 
10.6 2.06 19.4 5.7 4.3 1.8 26 
31.0 9.20 38.8 11.1 1.5 5.2 46 
28.3 14.31 50.6 4.1 2.3 7.0 40 
29.2 13.42 46.0 5.7 tom 7.8 35 
4.9 1.36 22.9 10.8 5.3 1.6 16 
5.0 2.06 35.0 10.0 6.1 2.1 35 
5.0 1.90 32.1 13.0 3.6 2.3 36 
26.6 7.85 42.1 11.4 0.4 6.4 31 
19.5 4.96 30.0 | 10.3 8.7 0.3 42 
24.2 10.22 49.6 13.4 0.5 13.2 36 


at 7.1 per cent and rye 7.0 per cent 


stillages thus was stimulated. Evaporation and incin- 
eration of the concentrates produce a fertilizer rich in 
potash but not sufficiently valuable to pay the process- 
ing costs. 

Miner (1940) found that such still residues were valu- 
able as sources of vitamin B, and protein in poultry and 
animal feeds. Groschke and Bird (1941) and Braude and 
Foot (1942) also found that the stillage residues of the 
acetone-butanol fermentation of molasses and grains 
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possess a high nutritional value as feed for livestock. 
Since that time thousands of tons of feeds have been 
furnished as by-products of the acetone-butanol fer- 
mentation of starches and sugars. Tables 7, 8, 9 and 10 
contain data compiled by the author, showing the vari- 
ous amounts of protein, vitamins, et cetera, contained 
in various types of acetone-butanol stillages. 
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Considerable attention has been given to chemical 
methods of reducing the Biochemical Oxygen Demand 
(B.0O.D.) of semi-chemical neutral sulfite waste 
(S.N.W.). Very little study has been devoted to a bio- 
logical method. The exact composition of this paper in- 
dustry waste will vary with the type of wood chip used 
and the modification of cook. Table 1 shows a typical 
composition of the liquor resulting from a semi-chemical 
soda _cook. 


TABLE 1. 


5 DAY B.O.D. 
ATTRIBUTED TO 
EACH COMPONENT) 


COMPONENT TOTAL SOLID 


oO of 
« G 


Pentosans.......... faerie 5.7 18.9 

Sodium bicarbonate. ... ; 11.5 0.0 

Sodium acetate.............. 26.1 56.7 

Sodium formate. .. 6.8 4.2 

(OO See seta 14.9 

Unidentified. .... Eien? sais are 35.0 20.2 
100.0 100.0 


The purpose of this note is to report a method for 
enriching the soil with microorganisms which will lower 
the Biochemical Oxygen Demand of a waste of this 
nature. 


EXPERIMENTAL 


The waste was diluted 1:10 and 1:20 and used as the 
metabolite in the modified soil perfusion apparatus of 
Lees (1947). This apparatus will allow small amounts 
of S.N.W. (the metabolite) to perfuse through a column 
of soil. The process gives continuous circulation and 
aeration of the metabolite through the soil, and any 
changes caused by the soil organisms can be determined 
by periodic analyses of the 8.N.W. metabolite. In this 
study, 10 gm of a sieved field soil (classified as Grose- 
close) and 100 ml of the diluted waste were used in the 
apparatus. The soil was first: perfused with a 1:10 dilu- 
tion of the S.N.W. for 3 weeks and then reperfused with 
a 1:20 dilution for 168 hours. The B.O.D. was deter- 
mined periodically by a sodium azide modification 
(Standard Methods for the Examination of Water and 

1 Present address Merck & Co., Inc., Rahway, N. J. 
University of California, Richmond, Calif. 


and 
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Sewage, 1946), and total solids were determined at the 
end of each perfusion by drying. 

At the conclusion of the perfusion the enriched soil 
was diluted 1:100 and plated on’a medium containing 
5 per cent S.N.W. and 1.5 per cent agar. The plates 
were incubated at 27 C for 2 days. — 


TABLE 2. Reduction of B.O.D. of S.N.W. by soil 
perfusion technique 


B.O.D. RAW* 
: ; B.0.D. COOK 


c , . . — TOTAL TOTAL 
5 20 SE 
TIME ; eno (AFTER . : oo SOLIDS SOLIDS 
PERFUSION) | PEBF* SION) RAWtT COOK 
weeks % 
1 40,303 21,469 46.73 
2 46,118 7,327 80.61 - 
3 - — 20.60 17.23 


S.N.W. diluted 1:10 in perfusion apparatus 

* Seeding Agent: Sewage from manhole on V.P.I. Campus 
50 ml in carboy of diluting water. 

t Total Solids: 10 ml sample in evaporating dish, oven 103 C, 
214 hour in oven after sample near dryness. 


TABLE 3. Reduction of B.O.D. of S.N.W. by 
perfusion of enriched soil 


B.O.D. RAW* 


- + | B.O.D, COOK LER TOTAL TOTAL 
TIME ee (AFTER = eg SOLIDS SOLIDS 
PERFUSION) PERFUSION) one RAWT COOK 
hours | % 
24 50,980 39,825 21.0 _ 
48 50,980 | 26,750 | 47.6 — | 
72 50,980 | 19,500 | 61.8 | — | 
96 50,980 | 21,775 67.4 | — | ;, 
aude foe Boe | 10.3 10.0 
| | 


S.N.W. diluted 1:20 in perfusion apparatus 

* Seeding Agent: Sewage from manhole on V.P.I. Campus. 
50 ml in ecarboy of diluting water. 

+ Total Solids: 10 ml sample in evaporating dish, oven 103 C, 
2!¢ hour in oven after sample near dryness. 


RESULTS 

The'S.N.W. metabolite which was allowed to perfuse 
through the soil was analyzed for B.O.D. at the end ol 
the first and second week of perfusion. Total solids were 
determined at the end of the third week. The results 
of B.O.D. analyses indicated that organisms were pres- 
ent which were capable of utilizing the waste and that 
the soil had been enriched with S.N.W. utilizing organ- 
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isms. [he soil was reperfused for 168 hours and B.O.D. 
determinations were made at the end of each 24 hour 
period up to 96 hours. The results of these studies are 
shown in Tables 2 and 3. 

At the conclusion of the final perfusion the soil was 
plated in S.N.W. agar. Colonies appeared in 48 hours 
and were predominantly of two types—non-pigmented, 
smooth pinpoint colonies and larger, rough colonies. 
Microscopic examination showed both types to be rods. 
No attempt was made to identify the microorganisms. 


SUMMARY AND CONCLUSIONS 


The perfusion method is suggested as a procedure 
which may be used to enrich the soil with microorgan- 


isms which will reduce the B.O.D. of semi-chemical 
neutral sulfite waste by about 60 per cent. Plating of 
enriched soil after perfusion gave two predominant 
types of microorganisms. Evidence that soil microor- 
ganisms will utilize the S.N.W. is supported by the fact 
that these colonies grew on agar plates containing only 
S.N.W. 
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The water-soluble, B-complex vitamin content of 
grape must and wines has been investigated from the 
point of view of human nutrition and diet. Little atten- 
tion, however, has been given to the vitamins of musts 
and wines as growth factors for the development of 
yeast and bacteria in the production and spoilage of 
wines. The literature prior to 1951 has been reviewed 
by Amerine and Joslyn (1951). Thiamine, riboflavin, 
pantothenic acid and pyridoxin were found in fresh 
must and in wines in small but measurable quantities. 
In the course of studies on the microbiology of wines, 
it was considered advisable to explore further the vita- 
min content of musts and the wines obtained from them. 
This report combines the results of three investigations 
on this subject. The riboflavin and pantothenic acid 
contents of several musts were determined by micro- 
biological assay before and after fermentation, and 
after long aging of the wine. Riboflavin usually, and 
pantothenic acid sometimes, appeared to be present in 
larger quantities in the young wine after fermentation, 
than in the musts from which they were obtained. In 
an attempt to understand the basis of these changes, 
serial samples from fermenting musts were assayed to 
follow the course of events during fermentation. In ad- 
dition to riboflavin and pantothenic acid, pyridoxin, 
biotin, p-aminobenzoic acid and inositol were assayed. 
Samples were also assayed for choline and Vitamin Bis 
activity. Some activity for the assay organisms of these 


methods was found in the samples. The exact nature of 
the active substances present in the samples remains in 
doubt in view of reports, cited by Robinson (1951) in 
an exhaustive review of the B-complex vitamins, which 
indicated that fruits were devoid of choline and that no 
Vitamin By had previously been found in plant mate- 
rials. Data on the amounts of nicotinic acid in the must 
of several grape varieties and preliminary data for aged 
wines are reported. 
EXPERIMENTAL PROCEDURE 

Grapes for the fermentations from which vitamin 
assay samples were taken, were obtained from the Uni- 
versity of California vineyard at Davis, and from sev- 
eral wine industry vineyards in Northern California. 
For dry red (table) wines the whole, crushed berries 
were fermented. For dry white (table) wines the crushed 
grapes were pressed and the liquid must alone was fer- 
mented. Fortified sweet red (dessert wines) were ob- 
tained as indicated in table 2. Samples for riboflavin 
and pantothenic acid assay were taken from experi- 
mental fermentations of 20 to 50 gallons, carried out in 
oak or redwood fermenting tanks. Other vitamins were 
estimated in samples from a 15-gallon lot of French 
Colombard must fermented in a glazed earthenware jar. 
All must lots except the French Colombard were treated 
with approximately 100 mg per liter of sulfur dioxide. 
All lots were heavily inoculated with pure cultures of 
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desirable wine yeasts. The yeasts were strains of Sac- 


charomyces cerevisiae var. ellipsoideus. The individual 
strains were: “Burgundy” (Enology No. 508) obtained 


TABLE 1. Assay methods and organisms employed 


VITAMIN 


Riboflavin 


Pantothenie acid 

Nicotinic acid 

Vitamin Bs, Com- 
plex 


Inositol 


p-Aminokcnzoic 
acid 


Biotin 
Choline (or substi- 
tute) 


Vitamin Bye (or 
substitutes) 





ORGANISM 


L. casei (ATCC 
No. 7469) 

L. arabinosus 17-5 
(ATCC No. 
8014) 

L. arabinosus 17-5 
(ATCC No. 
8014) 

Neurospora sito- 
phila 299a 
(Beadle) 

Neurospora crassa 
37401 (Beadle) 

Neurospora crassa 
1633(ATCC No. 
9273) 

Neurospora crassa 
34486(ATCC No. 
9277) 

Neurospora crassa 
34486(ATCC No. 
9277) 

L. leichmannii 
(ATCC No. 
4797) 


REFERENCE 


Snell and Strong 
(1939) 
Skeggs and 


Wright (1944) 


Snell and Wright 
(1941) 


Stokes et al (1943) 


Beadle (1944) 


Tatum et al 
(1946) 


Horowitz and 
Beadle (1943) 


Stokes ef al (1948) 


Capps et al (1949) 


Lehr- und Forschungsanstalt fiir Wein-, Obst- unc: Gar. 
tenbau, Geisenheim- am-Rhein, Germany; and “ Mop. 
trachet”’ (Enology No. 522) obtained from the Siatioy 
Oenologique de Burgogne, Beaune, France. 

Samples were taken from liquid musts after stirring 
to thoroughly suspend the yeast. Where crushed fruij 
was involved the supernatant layer of “gas-filled” grape 
pulp and skins was dispersed in the underlying liquid, 
and liquid samples were taken. Samples were imme- 
diately chilled and centrifuged, or filtered on a thin 
layer of diatomaceous filter aid, to remove the yeast, 
and stored under toluene at 0 C until assays were com- 
pleted. Vitamin content was estimated by the assay 
methods cited in table 1. The preparation of samples 
for assay, and the methods for yeast cell count and 
alcohol analysis were carried out as reported by Castor 
(1953) for amino acid assays. 

RESULTS AND DISCUSSION 

Table 2 shows the changes in amount of riboflavin 
and pantothenic acid after fermentation of several varie- 
ties of grapes, and after five years’ aging of a number of 
the resulting wines. The riboflavin content of the young 
Wine was consistently larger than that of the must from 
which it was obtained, as earlier reported by Morgan 
et al. (1939). The trend of pantothenic acid content gen- 
erally indicated a loss during fermentation. However, 
in one fermentation (Sylvaner) the decrease was neg- 
ligible, and in two others (crushed grapes of the Char- 


TABLE 2. Riboflavin and pantothenic acid content of the musts, the young wines after fermentation with the ““Burgundy”’ 
yeast strain, and the wines after five years aging.* 


GRAPE VARIETY 


Sylvaner. 
Thompson Seedless 
Boal de Madeira... 
Chenin Blane 
Palominof. . . 


Mataro... 
Charbono 

Pfeffer Cabernet 
Cabernet Sauvignon 
Grand Noirt 
Carignanef... 


WINE TYPE 


RIBOFLAVIN PANTOTHENIC ACID 


y Aged ; Young Aged 
Must Ate ase Must Ae es 
Liquid must fermented 
pg/100 ml 

Dry white 14.0 22.0 14.7 64.0 63.0 28.7 

Dry white — — — 51.0 23.0 

Dry white 10.9 17.0 — 138.0 84.0 
Dry white 6.3 11.3 — — — ; 
Le Dry white 14.3 18.0 16.0 67.0 34.5 13.3 

Crushed grapes fermented 

pe Dry red 6.8 16.5 12.5 81.0 38.3 33.6 

Dry red 8.5 16.0 100.0 116.0 
Dry red 24.0 37.0 12.5 84.0 1438.0 56.0 
Dry red — _— 134.0 99.0 16.3 

Fortified sweet red 25.7 42.5 — 123.0 78.0 

Fortified sweet red bef 29.6 — 66.0 57.0 


* Aged 1 to 2 years in oak barrels before bottling. Total age 5 years. 


{7 Fermented with ‘Jerez 


” 


yeast strain. 


t Fermentation stopped when one-half to two-thirds completed by addition of high proof fortifying spirit. The dilution was 
equivalent to 16 to 23 per cent of original volume of fermenting must. 


from the Department of Food Technology, University 
of California, Berkeley; “Jerez” (Enology No. 519) 
obtained from Spain via the Botanischen Institute der 


bono and Pfeffer’s Cabernet varieties) the pantothenic 
acid content of the young wine was markedly higher 
than that of the corresponding fresh must. 
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After 5 years’ aging of several of the wines, consider- 
able loss of riboflavin and pantothenic acid activity oc- 
curred. The individual wines were aged from 1 to 2 
years in oak barrels before bottling. Definite evidence 
of bacterial activity during aging was found in only 
one lot (Cabernet Sauvignon) and the loss of panto- 
thenic acid in this lot was not remarkable. All of the 
aged lots were considered to be sound wines, not spoiled 
by microbial activity. The loss of riboflavin from four 
wines available for assay after five years ranged from 
32 to 66 per cent, with a mean of 36 per cent. The loss 
of pantothenic acid from five wines was 12 to 61 per 
cent, with a mean of 45 per cent (table 2). 
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Fig. 1. The course of yeast multiplication, ethanol forma- 
tion and changes in water-soluble vitamins during the fermen- 
tation of French Colombard Must by the ‘‘Montrachet”’ strain 
of wine yeast (Enology No. 522). 


The lot of Palomino must noted in table 2 as fer- 
mented with the “Jerez” strain of yeast, was sampled 
periodically in order to follow changes in riboflavin and 
pantothenic acid content during fermentation. The re- 
sults obtained were generally similar to those presented 
in figure 1, and are therefore not presented in detail 
here. 

Figure 1 shows the vitamin content of a French 
Colombard liquid must, and the changes which oc- 
curred during fermentation with the“Montrachet” strain 
of yeast. The curve of increase and change in yeast cell 
count was typical of that found in a large number of 
fermentations carried out in liquid grape musts (for an 
example, see Castor and Guymon, 1952). The changes 
in yeast cell count following cessation of initial rapid 
yeast cell multiplication suggested that cellular autoly- 
sis occurred during this period. Whenever freshly cul- 
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tured yeast cells are prevented from multiplying rapidly 
under conditions which still permit vigorous enzymatic 
activity, they may be considered to be undergoing au- 
tolysis. Vigorous enzymatic activity in this case was 
shown by the production of more than 60 per cent of 
the final amount of ethanol after the initial rapid yeast 
multiplication ceased. The significance of autolysis in 
the return of assimilated substances to the fermenting 
medium was indicated for amino acids by Castor (1953), 
Castor and Guymon (1952), and will be referred to 
later when changes in the biotin content of the ferment- 
ing must are considered. 


Riboflavin 


The increase in riboflavin content of the fermenting 
must confirmed and tended to explain the observation 
made earlier in this work, and first reported by Morgan 
et al. (1939), that the amount of riboflavin was larger 
in the young wine than in the must. A generally similar 
curve for increase in riboflavin content was previously 
found during fermentation of Palomino grape must by 
the ‘‘Jerez’’ strain of yeast, except that in the Palomino 
must-“Jerez”’ yeast fermentation the increase of ribo- 
flavin continued until the fermentation was completed. 
In both experiments, the increase in riboflavin occurred 
during the latter part of rapid yeast multiplication. 
The probable chief cause of the increase was the pro- 
duction and liberation of riboflavin by the multiplying 
yeast cells. Riboflavin is not considered an essential 
growth factor for the multiplication of yeasts of the 
genus Saccharomyces, as noted by Robinson (1951). 
It was also pointed out that many yeasts are capable 
of synthesizing riboflavin which may then appear in the 
medium in notable amounts. However, somewhat more 
riboflavin was produced during fermentation of crushed 
whole grapes than of liquid must. Calculations on the 
basis of the data of table 2 show that on the average, 
wines produced from liquid musts contained 157 per 
cent more riboflavin than the must, while wines pro- 
duced from crushed grapes contained 182 per cent more 
riboflavin than the must. The data suggest the possi- 
bility of extraction of riboflavin from the grape skins, 
in addition to the amounts synthesized by yeast. 


Pantothenic Acid 


A decrease in the content of pantothenic acid oc- 
curred during fermentation of the must. The decrease, 
shown in figure 1 as occurring during the period of rapid 
yeast cell multiplication, was found earlier in this work, 
and was previously reported generally to occur by Mor- 
gan et al. (1939). A fermentation of Palomino must 
with the ‘Jerez’? yeast strain gave nearly identical re- 
sults. Utilization of the pantothenic acid by the yeast 
was indicated by the sharp decrease during the period 
of rapid yeast cell multiplication. That pantothenic 
acid is essential for the multiplication of a number of 
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yeasts, including fermentative wine types, has been 
shown by several workers, whose reports were reviewed 
by Robinson (1951). In both the Palomino must- 
“Jerez” yeast and the French Colombard must-‘*Mon- 
trachet’”’ yeast fermentations, about 50 per cent of the 
pantothenic acid content of the’ must was removed. 
From this point of view it is difficult to account for cer- 
tain of the results shown in table 2, which indicated 
that the pantothenic acid content of the young wines 
was larger than that of the musts. The larger panto- 
thenic acid content of the wines in such cases suggests 
the possibility of wide variations in the whole grape 
berry content of the vitamin, and of extraction from 
the grape skins during fermentation. Smith and Olmo 
(1944) found a four-fold variation in the pantothenic 
acid content in the juice of different varieties and spe- 
cies of grapes. 


Vitamin Bg Complex (Pyridoxine, Pyridoxal, 
Pyridoxamine) 

A small decrease in the must content of Vitamin Bs 
during fermentation was found. The assay activity in 
the samples of fermenting must apparently represented 
pyridoxine, pyridoxal and pyridoxamine. Although 
Stokes et al. (1943) stated that the assay organism, 
Neurospora sitophila 299a, was specific for pyridoxine, 
and did not respond to “‘pseudopyridoxine,”’ Snell and 
Rannefeld (1945) found that pyridoxine, pyridoxamine 
and pyridoxal had about equal activity for the mold. 
The relative amount of Vitamin Bs required by the 
yeast employed in the fermentation was apparently 
small compared to the amount of the Vitamin Bs, com- 
plex present in the must. According to work reviewed 
by Robinson (1951), however, the Vitamin Bg activity 
lost from the must might be regarded as pyridoxine, as 
strains of Saccharomyces cerevisiae similar to that used 


” 


here have been found to be responsive to pyridoxine 
but not to pyridoxamine or pyridoxal. The loss of Vita- 
min Bg activity from the fermenting must occurred 
during the phase of rapid yeast cell multiplication. The 
Vitamin Bs content found in the must was consistent 
with reports of the amounts in citrus fruits, summarized 
by Robinson (1951). 


Biotin 

A large decrease in the must content of biotin during 
fermentation was found. The decrease was most rapid 
during the latent and lag phases of yeast cell multiplica- 
tion, when 95 per cent of the biotin disappeared. After 
yeast cell multiplication ceased, a slow return of biotin 
to the fermenting must began, presumably by autolysis 
of the yeast cells. The necessity of biotin for the multi- 
plication of many types of yeast was demonstrated by 
Burkholder et al. (1944). The rapid loss of biotin in the 
early stages of yeast multiplication appeared to repre- 
sent satisfaction of a nutrient requirement of the yeast. 


Little or no information on the biotin content of fi uits 
was found although, according to Robinson (1951! ), jt 
has been found in grain and other plant materia s, 


Para-aminobenzoic Acid 


The apparent p-aminobenzoic acid content of fer- 
menting must increased during the period of rapid :aul- 
tiplication of yeast cells. A few hours after yeast cell 
multiplication ceased, the p-aminobenzoic acid content 
of the fermenting must began to decrease. Well before 
the end of the alcoholic fermentation it had fallen 
nearly to the level found in the fresh must. Reports 
summarized by Robinson (1951) show that yeasts are 
a rich source of p-aminobenzoic acid. It has not been 
found to be an essential factor for the multiplication of 
yeast, except for infrequent instances such as reported 
by Rainbow (1948). According to Tatum et al. (1946) 
it is an essential for the growth of Neurospora crassa, 
used in this work as the assay organism. Robinson 
(1951) cited evidence that p-aminobenzoic acid has 
been found in small amounts in vegetables and plant 
materials, but evidence of its occurrence in fruits was 
not mentioned. 


Inositol 


The large amount of inositol found in fresh grape 
must was expected. Robinson’s review (1951) indicated 
that plant tissues, cereals and fruits contained large 
amounts of inositol in the form of phosphoric esters. 
The inositol content found in the must remained rela- 
tively unchanged during the fermentation, although 
inositol was the first of the “bios complex”? growth fac- 
tors for yeast to be isolated and identified, by Eastcott 
(1928). Burkholder ef al. (1944) found that the type of 
yeast employed in this work required inositol, but in 
very small amounts, of the order of 1 microgram per 
5 ml of medium, for heavy growth in a rather complete 
synthetic medium. It would therefore appear that the 
multiplication of the yeast cells used in the fermenta- 
tion reported here required relatively little inositol in 
comparison with the amount present in the must. 


Choline, or Monomethylaminoethanol Activity 


The apparent choline activity of fresh grape must 
showed a large decrease during the later stages of yeast 
cell multiplication. The final loss represented more than 
70 per cent of the activity found in the must. If the ac- 
tivity found actually represented choline, the substance 
was largely taken up by the multiplying yeast cells. 
Although Seifert (1938) stated that yeast has been 
found to contain lecithin, of which choline is a compo- 
nent, and that choline as such was liberated during 
yeast autolysis, Robinson’s review (1951) indicated 
that choline is not an essential for yeast multiplication, 
and that fruits, including grape products such as raisins, 
were devoid of choline. Horowitz (1946) has shown that 
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monomethylaminoethanol can replace choline for 
growth of the Neurospora mutant (strain 34486), used 
as an assay organism in the work reported here. Thus 
the possibility must be admitted that the choline ac- 
tivity found in musts and wines consists entirely or in 
part of the effect of monomethylaminoethanol. Evi- 
dence has been found in the literature that yeasts are 
able to attack amines of this type. Mitchell and Wil- 
liams (1940) stated that choline, acetylcholine and 
ethanolamine stimulate the multiplication of certain 
yeasts. Further investigation of this point is in order. 


Vitamin By, Purine or Nucleoside Activity 


No activity for the Vitamin By assay organism, 
Lactobacillus leichmannii, was found in fresh grape 
must. After the 36th hour of fermentation, during the 
phase of rapid yeast multiplication, some activity ap- 
peared. The apparent Vitamin By, activity reached a 
maximum value at the moment rapid yeast cell multi- 
plication ceased. Thereafter it steadily and slowly de- 
creased during the remainder of the fermentation. Evi- 
dence cited by Robinson (1951) indicated that plant 
materials showed no measurable Vitamin By activity. 
However, several purines, and the nucleoside thymidine, 
stimulated the activity of L. leichmannii. Consequently 
the Vitamin By» activity found in the present work pos- 
sibly represents either Vitamin By or amounts of thy- 
midine and purine activity produced by the yeast dur- 
ing yeast cell multiplication. No reports are available 
on the ability of yeasts to produce substances which 
have Vitamin By activity for the assay organism em- 
ployed. 


Nicotinic Acid in Musts and Wines 


The nicotinic acid content of 5 varieties of grape 
(Carignane, Corinth, Zinfandel, Muscat and Thompson 
Seedless), and of 2 samples of aged wine, was estimated. 
The nicotinic acid content of the fresh must was found, 
in a study of the changes of grape vitamins during 
maturation of the fruit, to vary widely with the variety 
of grape, ranging from 79 to 375 micrograms per 100 ml. 
The nicotinic acid content of the aged wines (from 
Carignane and Grand noir grapes), after 4 to 5 years 
was 22 and 51 micrograms per 100 ml. Both wines had 
been attacked by bacteria. Further studies, concerning 
the changes in nicotinic acid content of fermenting 
musts, are in progress. 

The significance of the B-complex vitamin content of 
musts and wines as microbial growth factors may ten- 
tatively be assessed at this point. The amounts of indi- 
vidual vitamins found by Morgan et al. (1939), Perlman 
and Morgan (1945), and in the work reported here, ap- 
pear to be sufficient to serve as accessory growth factors 
for certain lactic acid bacteria and yeasts. Judged by 
comparison with the vitamin content of semi-synthetic 
basal media used for microbiological assays which em- 


ploy lactic acid bacteria (it is customary to add vitamin 
growth factors to such media in excess of the experi- 
mentally established requirements of the organism) the 
vitamin content of musts and wines is adequate to sup- 
port considerable microbial activity. Table 3 shows the 
amounts of such growth factors found in musts and 
wines, and used in typical microbiological assay basal 
media and in synthetic media for studies of the growth 
factor requirements of yeasts. 


TaBLE 3. Comparison of the Vitamin B-complex content of 
musts and wines and that added to semisynthetic basal 
media for vitamin assay and yeast growth studies 


ASSAY S r 
BASAL oF MUST CONTENT WINE CONTENT 
VITAMIN MEDIA* a 
1 2 | 3 | s ick 4s 
ug /100 ml 
Thiamine.:....... 100; 20 | 20 |12-47| _— - 3-49 — 
Riboflavin. ....... 100, 20 | — 23 6.3-25.7/27-100)11-42.5 
Pantothenic acidt.. — | 20 | 20 51-138 23-143 
Bs complex. ......| 200) — | 20| + | 47.6 + | 31.4 
p-Aminobenzoic | | 
Seid’ oc .s.ce.-| LOPAO)—.) — 3.8 8.1 
tii. os 2504: 0.25\0.08| 0.2) —| 0.2 0.04 
Nicotinic acid.....| 100; 20 | 20 | — | 79-375t 22-51 
Inositol§.. ...-/ —}|—11.0) — 38 .8§ 40..1§ 
1. Pantothenic acid assay, Skeggs and Wright (1944) 
2. Bs complex assay, Snell and Rannefeld (1945) 
3. Burkholder et al (1944) 
4. Morgan et al (1939); Perlman and Morgan (1945) 


5. Castor, this report. 

* Final concentration in the assay tube, after volume ad- 
justment. 

+ Figures for assay and yeast media represent calcium 
pantothenate. 


t Data obtained by Marian B. Smith (Mrs. John H. Pom- 
eroy). 
§ Mg per 100 ml. 
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SUMMARY AND CONCLUSIONS 


The changes in the vitamin content of fermenting 
grape musts were followed by microbiological assay. 
Riboflavin consistently increased in amount, when dif- 
ferent grape musts and yeast strains were employed. 
The pantothenic acid content usually decreased, but in 
a few cases, it was larger in the young wines than in the 
must. After five years’ aging, without noticeable bac- 
terial intervention an average of 36 per cent of the ribo- 
flavin content and 45 per cent of the pantothenic acid 
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content of the young wines was lost. Vitamin Bes was 
slightly decreased and biotin was largely lost during the 
fermentation. Para-aminobenzoic acid content first in- 
creased, then returned to the level present in the must. 
Inositol occurred in the must in large amounts, and the 
probable yeast requirement for this substance was too 
small to have an appreciable effect on the wine content. 
Appreciable apparent choline activity was found in the 
must, and was decreased during fermentation. Mono- 
methylaminoethanol may account for all or part of the 
apparent choline activity. A small amount of activity 
for the Vitamin By assay organism, Lactobacillus leich- 
mannii appeared during fermentation. Purines and a 
nucleoside, possibly synthesized by the yeast, may 
account for the By activity. All of the large changes ob- 
served in the vitamin activity of fermenting must oc- 
curred during the phase of rapid yeast multiplication. 
Nicotinic acid was found in widely varying amounts in 
must, and in small amounts in wines attacked by bac- 
teria. 
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Of basic importance to the study of antibiotic pro- 
duction by microorganisms is a chemically defined me- 
dium in which the effect of various nutrients, both or- 
ganic and inorganic, can be studied with a minimum of 
interference from ill-defined substances. Such a medium 
is reported here for the production of neomycin by 
Streptomyces fradiae, together with studies on the influ- 
ence of various nitrogen and carbon compounds on this 
reaction. 


MATERIALS AND METHODS 


The S. fradiae used in these studies was the original 
strain isolated by Waksman and Lechevalier (1949) and 
designated No. 3535 in the N. J. Agricultural Experi- 
ment Station Culture Collection. The strain was car- 
ried on potato agar (approximate pH 7.0-7.5) in Blake 
bottles. The bottles were incubated one week at 28 C 
and stored in the cold until needed. 

Growth studies were carried out in shaken culture, 
100-ml portions of medium being used per 250-ml Erlen- 
meyer flask and incubated at 28 C, as in the studies of 
Swart, Hutchison, and Waksman (1950) on organic 
media for neomycin production. 

Assays were made in triplicate by the cup plate 
method. The cups were stainless steel 8 mm in diameter. 
The dilutions were made in 0.1m phosphate buffer (pH 
7.0 to 7.1). The test organism was Bacillus subtilis 
ATCC 6633. 

All media were autoclaved at 15 pounds pressure for 
15 minutes. All carbon sources and CaCQ; were auto- 
‘laved separately and added aseptically to the sterile 
medium. The pH of the media was adjusted with NaOH 
to 7.0-7.5, before sterilization. 

The basic synthetic medium was composed, on a per- 
centage basis, of glucose 0.5, glutamic acid 2.0, K,HPO, 
0.2, MgSO,-7H2O 0.05, FeSO,-7H.O 0.005, ZnSO,- 
7H,O 0.005, and CaCO, 1.0, and was similar to a me- 
dium developed by Dulaney (1948) for Streptomyces 
griseus. It was later found that the CaCO; could be re- 
placed by 0.01 per cent CaCl. All media were made up 
to volume with distilled water. Although there were 
fairly large variations from week to week, the average 

‘Paper of the Journal Series, New Jersey Agricultural 
Experiment Station, Rutgers University—The State Univer- 
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yield obtained on this medium over a long period was 
approximately 90 units? per ml. 


EXPERIMENTAL 
Nitrogen Sources 


Table 1 shows the results of an investigation of the 
suitability of a series of amino acids and a few other 
organic nitrogen compounds as replacements for glu- 
tamic acid in the basic synthetic medium. With the 
exception of gelatin and ‘N-Z Amine A’ (Sheffield 
“arms product), all compounds were added to give a 
concentration of 0.186 gm nitrogen per liter. The gela- 
tin and the ‘N—-Z Amine’ were added in excess, in a 
concentration of 50 grams per liter, in the hope that if 
only a few amino acids could be utilized by this organ- 
ism, this excess would supply essential amounts of these 
acids for growth and neomycin production. 

The results showed that S. fradiae was not able to 
utilize B-alanine, L-tyrosine, or DL-norvaline for growth; 
it was able to utilize only very slightly creatine, DL-iso- 
leucine, L-hydroxyproline, L-leucine, DL-methionine, DL- 
8-phenylalanine, pL-valine, and urea. Moderate growth 
was obtained when citrulline and L-tryptophane served 
as nitrogen sources. Growth was good, but delayed, 
with a-alanine, L-aspartic acid, DL-aspartic acid, L-pro- 
line, DL-threonine, and very much delayed with pDL- 
serine. Growth was good, and rapid, with L-arginine, 
p-glutamic acid, Lt-glutamiec acid, L-histidine, L-lysine, 
L-proline, and pL-threonine. Best growth was obtained 
on the complex media containing gelatin or ‘N-Z 
Amine’. 

The results indicated that growth of S. fradiae,can 
occur without neomycin production. L-arginine and 
L-lysine were unable to support neomycin production, 
yet proved excellent nitrogen sources for the growth of 
this organism. Gelatin, which gave very heavy growth 
of S. fradiae, supported only slight production of neo- 
mycin. On the other hand, high yields were not obtained 
in any case without good growth. 

None of the amino acids that yielded neomycin dif- 
fered greatly in its maximum production. a-Alanine, 
L-aspartic acid, DL-aspartic acid, D-glutamic acid, L- 


2A unit of neomycin is that amount of material which 
inhibits the growth of a standard strain of Escherichia coli in 
1 ml of medium. 
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glutamic acid, L-histidine, L-proline, and pL-threonine, 
all supported neomycin production in the range of 40 
to 85-u/ml, a difference that could not be considered 
significant in view of the variations obtained from week 
to week. 


TaBLeE 1. Effect of organic nitrogen sources on the 
production of neomycin 


NEOMYCIN 
PRODUCED, 


CONCEN- UNITS/ML 
NITROGEN SOURCE TRATION* 
3 5 7 
days, days | days 
gm/l 

REED TOLD NC Sige awn as os 11.82 | 22| 45) 72 
ce Ng eo ee 11.82 5 s : 
L-arginine......... ee ee 5.79 5 : 3 
E-napartic Q0id.........2..6...0....| 17.68 5| 17 | 56 
DL-aspartic acid........... ee 5| 21 | 62 
ee eee ieee 5.8] 5 10 5 
citrulline : 7.76 5 3 5 
p-glutamic acid orbe eis 19.58 | 21 55 | 42 
L-glutamic acid.............. .| 19.58 | 11 41 42 
L-histidine. .. PE ere ee 1G | 34) 32 
pL-isoleucine. ...... ee .| 34.86 5 3 5 
L-hydroxyproline. . Wome tear as 17.42 5 3 5 
L-leucine........ . ane 17.43 5 3 5 
L-lysine. . Be Sees ge 9.71 5 3 7 
pL-methionine. .. 6 ee ak . 39.66 5 3 5 
PMMEMDR cic fc ok othcsewctedestsn.) BBO 7| 54) 85 
pL-8-phenylalanine......... .| 21.93 5 3 5 
EN ae ee 13.96 5 3) 70 
CO eee ae onl) BSB 5 3 5 
ee ee eee Oe 31.66 9; 27) 8 
a eee eee ...| 24.06 5 3 5 
DEP rt ceca suse ie 31.13 5 3 


5 
DION os Oe Ses co hoi w ees on) VARs 5 3 5 
Re ee ae cca bik wee Oe b 3.99 5 3 5 
asparagine... Se aanien 8.78 5| 11 11 
ere : dure siete 50.00 29 10 20 
Cn SS \ EE EE 50.00 85 146 120 


Basal medium gm/l 
Glucose 5.0 
K.HPO, 2.0 


MgSO,-7H.O 0.5 
FeSO,:7H:O 0.05 
ZnSO. 7H20 0.05 
CaCO; 10.0 
* Except for gelatin and ‘N-Z Amine A,’ concentrations 
adjusted to give 0.186 gm nitrogen per liter. 


‘N-Z Amine’, a casein hydrolysate, supported higher 
neomycin production than did the individual amino 
acids, while gelatin yielded only traces of the antibiotic. 
A comparison of the amino acid composition of casein 
and gelatin (Hawk, Oser, and Summerson, 1947) re- 
veals that casein has a very high glutamic acid content, 


while gelatin has a high glycine, proline, and hy ‘roxy. 
proline content. Since glycine and hydroxyproli.ie aa 
unsatisfactory for neomycin production, this may sug. 
gest the cause for the marked difference in necinyciy 
production between the two substances. The improved 
growth of the organism on both of these materia!s may 
indicate that for optimum growth a combination of 
amino acids is required. 

The simplest nitrogen sources that can be utilized iy 
a synthetic medium are the inorganic ammonium and 
nitrate salts. However, these have proved unsatisfac- 
tory for neomycin preduction. Ammonium phosphate 
and ammonium chloride produced excellent growth oj 
S. fradiae in shake flask, but neomycin production was 


TABLE 2. Effect of inorganic nitrogen sources on 
production of neomycin 


NEOMYCIN PRODUCED, 
“/ML 


NITROGEN SOURCE* GLUCOSE | 

3 days | 5 days 7 days 

gm/l 
(NH,)sHPO,........... wget Soa 1 0 | 0 
(OLE |. CSS peace eae tear 10.0 0 0 0 
PRAMS six crac Goes oP e acne eens 5.0 0 0 0 
BNNs ee I tort ak 10.0 8 27 
MINN 8. 5 oss a se-gis. nb. eels wislers ea 5.0 2 2 2 
NH:NOQO3... re OTe ye ser 10.0 9 15 37 
NaNOs3. . By ery ee 5.0 4 28 24 
OS. gan ean Ra Oe i a Se ge en 10.0 8 73 62 

Basal medium gm/l 

KeHPO, 2.0 


FeSO.-7H2O 0.01 
ZnSO, 7H20 0.01 
CaCO; 10.0 


* Concentration of salts, 5 gm/I. 


poor at best. Ammonium phosphate gave rise to no neo- 
mycin, whereas ammonium chloride supported only low 
and delayed production. Ammonium nitrate gave fail 
growth and low neomycin production. Sodium nitrate 
produced only poor growth of this organism, but did, 
on irregular occasions, yield some neomycin in the pres 
ence of one per cent glucose. The results of these studies 
are shown in table 2. 


Carbon Sources 


Studies on the effect of various carbon compounds 0! 
growth and neomycin production of the organism i! 
media containing NaNO; as a nitrogen source showel 
that no growth was obtained with sorbose, fructose. 
sucrose, lactose, mannitol, sodium citrate, sodium lat- 
tate, or sodium acetate. Poor growth and low yields 
were obtained with mannose, maltose, starch, arabinose, 


sodium fumarate, and sodium malate. Good growth, 
but no neomycin production, was obtained with gly 
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erol as the carbon source, while sodium succinate gave 
good growth and average yields of neomycin, although 
the yields were delayed until late in the growth process. 
The results are shown in table 3. 

The erratic yields obtained with sodium nitrate, as 
compared to the superior growth and neomycin produc- 
tion with glutamic acid, led to the adoption of the lat- 
ter as the standard nitrogen source for a synthetic 
medium. 

Glutamic acid, at a concentration of 20 gm per liter, 
was substituted for glucose in the basal medium, and 


TaBLE 3. Effect of various carbon compounds in sodium 
nitrate media on production of neomycin 


NEOMYCIN PRODUCED, 


CARBON SOURCE = Sea BMX 
4 days 6 days 8 days 
gm/l 
NS eee 10.0 0 4 
ROPNORA 5c cs 3 10.0 No growth 
Fructose......... ; 10.0 No growth 
Mannose. ........ 10.0 18 33 31 
Galactose.......... 10.0 0 0 0 
ee ee 10.0 No growth 
SS eee 10.0 No growth 
Maltoge......... 10.0 21 29 20 
ES en ae eee 10.0 20 23 27 
Arabinose........... 10.0 4 15 20 
Mannitol 10.1 No growth 
Glycerol... 10.2 0 0 0 
Sodium citrate 16.3 No growth 
Sodium succinate 22.5 14 49 56 
Sodium fumarate. . 9.7 0 11 22 
Sodium malate 11.2 0 14 20 
Sodium lactate 12.5 No growth 
Sodium acetate 13.7 No growth 
Basal medium gm/l 
NaNO; 10.0 


MgSO,-7H:O 0.5 
FeSO,:7H2O 0.05 
ZnSO,:7H:O0 0.05 
K2HPO, 2.0 
CaCl. 0.01 


* Carbon compounds added to give 4 gm C per liter. 


several carbohydrates and organic acids were added at 
a concentration of 5 gm per liter. In this experiment, a 
control was also run in which no additional carbon 
source was added, the glutamic acid thus serving as 
both nitrogen and carbon source. In all cases, final 
growth was very good, although in absence of any added 
carbon source, growth seemed to lag somewhat behind 
that in the other media. The results are shown in ta- 
ble 4. 

The control medium gave a maximum yield of 66 
u/ml. Sucrose, maltose, and sodium lactate appeared to 
inhibit slightly neomycin production. Soluble starch, 


glucose, galactose, and sodium acetate had little effect 
on the degree of maximum activity, although this maxi- 
mum was reached 2 days earlier when galactose served 
as the carbon source. Sodium citrate had a slight stimu- 
latory effect, giving somewhat higher activity than the 
control. Mannose and arabinose gave significantly 
higher figures than the control, reaching a maximum 
of 135 u/ml with the former and 117 u/ml with the 
latter. Production of activity was delayed until after 
the fifth day, rising sharply to the final peak on the 
seventh day. Sodium malate gave the most marked 
effect of all the carbon sources: by the third day of 
growth, neomycin production equaled the maximum 
control figure and continued to climb sharply there- 


TABLE 4. Effect of carbon compounds in glutamate 
media on production of neomycin 


NEOMYCIN PRODUCED, #/ML 
CARBON SOURCE* 


3 days 5 days 7 days 
RN aE Poth es Sern te We acl de 2 25 66 
PIG rs AE ror Or ae 5 42 74 
Stareh (soluble): ................ 5 48 75 
POUMNMN eae cghs concer dee ts 2 25 37 
TEES ET a RE 1 15 24 
Se ee a Nene ee eta Meer owe 1 8 135 
DMEM ono oie y Saks costo aeinilers 12 60 61 
NII 2 og. oes ax eos ieerore © 2 1 15 117 
Bodin Malate: ..<... 6... sess 60 145 161 
Somcmin Curate... .... oss. ec cass 14 58 101 
Sodium: lactate: ........< 6406665 4 2 26 
Sodium acetate............... 4 41 56 
Basal medium gm/l 
Glutamic acid 20.0 
K.HPO, 2.0 
MgSO,:7H:O 0.5 
ZnSO,: 7H.0O 0.05 
FeSO,:7H:O 0.05 
CaCO; 10.0 


* Carbon compounds added, 5 gm/I 


after, reaching a peak of 161 u/ml on the final day of 
growth. The sodium malate employed in this work was 
a technical grade, and it cannot be definitely stated 
that the stimulatory effect was due to the malic acid, 
although there were strong indications that it was. 

It is interesting to note that the two organic acids 
which stimulated neomycin production and the amino 
acids which supported production (with the possible 
exception of threonine, about the metabolism of which 
little is known) are known to be closely associated with 
the Krebs cycle. Proline and histidine are further 
removed from this cycle, but have been postulated to 
form glutamic acid in the immediate process of their 
metabolism. Until a more detailed study has been 
made of this relationship, however, one cannot say just 
what significance this bears to the mechanics of neo- 
mycin production. 





SUMMARY 


Neomycin production could be obtained in synthetic 
media using sodium nitrate, a-alanine, L-aspartic acid, 
DL-aspartic acid, p-glutamic acid, t-glutamic acid, 
L-histidine, L-proline, or pL-threonine as a_ nitrogen 
source. Other amino acids and ammonium salts did not 
support neomycin production. The use of sodium 
nitrate led to very poorly reproducible results: in one 
case, sodium succinate when used as the sole carbon 
source appeared to improve the results obtained with 
sodium nitrate. 

In a glutamate medium, neomycin production could 
be obtained with no additional carbon source, although 
the addition of small amounts of glucose improved 
growth somewhat. In this medium, mannose, arabinose, 
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sodium malate, and sodium citrate gave rise 
creased yields when substituted for glucose. 
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The ruminant animal and its rumen microorganisms 
are dependent upon each other for adequate nutrition. 
Although the relationships between the animal and its 
rumen population are understood incompletely, it is 
logical to believe that any major dietary change would 
be reflected upon the microorganisms long before a 
change in the nutritional state of the animal could be 
detected by other means. Thus by selecting the proper 
procedures it might be possible to measure the potential 
effects upon the animal of diets deficient in minerals, 
nitrogenous materials, or other factors before other 
deficiency symptoms appeared. Similarly, the effect of 
dietary supplements, antibiotics, urea, etc., might be 
at least partially determined without prolonged and 
expensive feeding trials. 

The rate of fermentation of various carbohydrates 
was selected as the criterion of rumen microbial nutri- 
tion for this study, because it is easy to measure and 
because it changes rapidly as the diet is varied. It was 
found that these fermentation rates could be deter- 
mined more accurately in the Warburg respirometer 
than by the method of Quin (1943). The results were 
quite reproducible if the procedure was carefully stand- 
ardized and certain precautions observed. This method 
was used to determine the changes in activity of the 


rumen microorganisms accompanying the diet  var- 
iations reported here. 


PROCEDURE 


A portion of rumen fluid is removed from a sheep 
through a permanent fistula using a sampling tube 
similar to that described by Hungate (1950). The rumen 
fluid is placed in a loosely stoppered bottle and kept 
at a temperature of 37 C until it is used, normally a 
period of less than an hour. Anaerobiosis is maintained 
by flushing the bottle with carbon dioxide prior to use 
and by keeping the agitation of its contents to a 
minimum. 

One-ml aliquots of the rumen fluid to be tested are 
added to Warburg flasks containing equal amounts of 
2 per cent sodium bicarbonate buffer in the main part 
of the vessel and 0.5 ml of the buffered substrate in the 
side arm. The vessels are flushed with carbon dioxide 
before and after the addition of rumen fluid. The 
substrate is dissolved or suspended in a bicarbonate 
buffer half the concentration of that used to dilute the 
rumen fluid. The substrate is used in excess, 2 to 5 per 
cent, in order that its concentration will not be the 
limiting factor in the fermentation rate. 

The vessels are again flushed with carbon dioxide 
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after being placed in the 37 C water bath and are shaken 
for about 10 minutes during the flushing. This assures 
anaerobic conditions and the saturation of the vessel 
contents with carbon dioxide. The side arm contents 
are dumped after equilibration, and the rate of gas 
evolution as shown by the change in height (Ah) of 
the manometer fluid recorded at 5- to 10-minute in- 
tervals until the experiment is completed. Fifteen to 
90 minutes is usually an adequate length of time to 
determine the fermentation rate of soluble products, 
whereas longer periods up to several hours may be 
necessary When an insoluble substrate is used. 








3 a “0 6 
HOURS 
Fig. 1. The fermentation rates of several carbohydrates by 
rumen fluid from a sheep on an alfalfa hay diet. 


The manometer readings are recorded ahd plotted 
as Ah rather than as micromoles of carbon dioxide 
because other gases, chiefly methane, are also present 
in unknown amounts. Where large differences in vessel 
volumes occur, it is necessary to correct the Ah value 
for these differences. 

Figure 1 shows a typical set of curves obtained when 
glucose, soluble starch, a hemicellulose and cellulose 
were fermented by rumen fluid from a sheep on an al- 
falfa hay diet. 


DISCUSSION OF THE PROCEDURE 


The basis of this method is the assumption that the 
rate of fermentation of any substance by the micro- 
organisms in rumen fluid is proportional to the total 
activity of all organisms in the rumen capable of at- 
tacking that substrate and the compounds derived from 
it. The total numbers and morphological types of or- 
ganisms are ignored because at present there appears 
to be no method of correlating these factors with the 
activity of the whole rumen population when it is 


supplied with a relatively large amount of a single 
compound. 

The results obtained by.this procedure are influenced 
by the method used for obtaining the rumen contents, 
the fraction of the rumen fluid used, the buffer system 
in the Warburg vessel, and the time of collection of the 
sample relative to the time of feeding. 


Sampling Method 


It has been observed that the top layer of the rumen 
contents is a floating mass of solid materials. Beneath 
this is a more fluid layer, while the bottom of the rumen 
may be covered with heavy particles that are difficult 
to digest, such as the joints of grass stems. Replicate 
samples of fluid taken from the rumen of a sheep 
through a permanent fistula give quite uniform fer- 
mentation rates if the samples are all taken from the 
same part of the rumen. Replicate samples taken from 
steers by means of a stomach tube, however, are not 
always uniform in consistency and give differences in 
results of over 100 per cent when used in this method. 
On the basis of the visible inhomogeneity of the rumen 
contents and the difficulties encountered with a stom- 
ach tube, it is recommended that the samples of rumen 
fluid be obtained through a fistula. A further considera- 
tion in favor of controlling the location of the sampling 
tube within the rumen is that Walter (1952) found the 
concentration of bicarbonate to be higher in the fore 
part of the rumen than in the posterior part. 


Fraction of Rumen Fluid Used 


The fraction of the rumen fluid used in the experi- 
ment appears to have very little effect upon the re- 
producibility of results as long as the same fraction is 
always employed. Large differences are found, how- 
ever, between the whole rumen fluid, the solid frac- 
tion, and the liquid fraction of the same specimen. In 
most of the experiments the liquid fraction has been 
used because it can be accurately pipetted. The 
solids and the whole rumen fluid, even though ground 
in a Waring blendor, are less convenient to handle. 


Buffers 


Phosphate and bicarbonate buffers have both been 
used in the Warburg flask with satisfactory results. 
The bicarbonate is preferred, however, because it is 
one of the main buffers in the rumen and is already 
present in varying amounts (Reid and Huffman, 1949). 
The bicarbonate also permits the measurement of the 
combined production of acid and gas from the fermen- 
tation, resulting in a larger Ah value than when phos- 
phates are used. Appreciable concentrations of bicar- 
bonate are frequently found in rumen fluid (Walter, 
1952); therefore the amount added should be sufficient 
to make the normal variations of minor importance. 
A final concentration of 1 per cent sodium bicarbonate 
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is usually employed, although concentrations as high 
as 2.5 per cent have been used without decreasing the 
fermentation rate. 


Time of Sample Collection 


Since the numbers of bacteria and the amounts of 
fermentable materials in the rumen are constantly 
changing, it is desirable to standardize the feeding 
period of the experimental animal. It was found con- 
venient to feed the animal used in these experiments 
at about 8 a.m., to remove the feed at 9 a.m., and to 
take the sample of rumen fluid at 11 a.m. The exact 
times given are not important, but the relative times 
should be the same throughout an experiment. 


APPLICATION OF THE PROCEDURE TO THE UTILIZATION 
OF CELLULOSE AND HEMICELLULOSES BY RUMEN 
MICROORGANISMS 

The method described in the first section of this 
paper was used to measure the fermentation rates of 
cellulose and hemicelluloses by rumen fluid from (1) 
a sheep on a diet of alfalfa hay, and (2) the same animal 
after the alfalfa hay diet had been supplemented with 
cellulose and hemicellulose. The experimental animal 
was a ewe with a permanent rumen fistula. The fer- 
mentation rates were measured on rumen fluid samples 
taken 2 hours after a feeding period of 1 hour. 


Hay Diet 


The fermentation rates of cellulose and hemicellulose 
were determined on 5 consecutive days while the animal 
was fed exclusively on alfalfa hay with only one feeding 
period per day. The gas evolution from rumen fluid 
without any added substrate (basal rate) and that of 
glucose were also determined as controls. All of the 
fermentation rates fell within the limits shown in 
figure 2. 


Hay Diet Plus Cellulose 


The hay diet of the sheep was supplemented by the 
addition of 200 g of cellulose to the rumen through the 
fistula immediately following the sampling. The cellu- 
lose was shredded Rayocord F! wood pulp saturated 
with water. This procedure was foilowed for 3 consecu- 
tive days with the fermentation rate being measured 
24 hours after each addition of cellulose. On all 3 days 
there was an increase in the rate of fermentation of 
hemicellulose over that found while the animal was on 
an exclusive hay diet, and the lag in measurable fer- 
mentation of cellulose was reduced from a period of 
several hours (figure 2 ) to about 15 minutes. The results 
of these experiments are shown in figure 3. The daily 
addition of cellulose was necessary to maintain the 
increased rate of fermentation, since 48 hours after the 


1 Courtesy of Rayonier Corporation. 
2 Supplied by the Quaker Oats Company. 
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final addition of cellulose the fermentation rates ; 
in figure 2 were again found. 





} 4 
+ tT 


1 
3 S < 6 
HOURS 
Fig. 2. The limits of variation in the rates of fermentation 
of glucose, hemicellulose and cellulose by rumen fluid from a 
sheep fed on alfalfa hay as determined on five consecutive days. 











HOURS 


Fia. 3. The rates of fermentation of glucose, hemicellulose 
and cellulose by rumen fluid from a sheep on an alfalfa hay diet 
supplemented with cellulose, as determined on three consecu- 
tive days. 


Hay Diet Plus Hemicellulose 


The daily addition of 200 g of hemicellulose to the 
rumen was tried next, using the same time intervals 
and methods as those employed for the cellulose supple- 
ment experiments. The hemicellulose was extracted 
from oat hulls? with 4 per cent NaOH, following 2 
sodium carbonate extraction, by the method of Mitch. 
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ell, Rogers, and Ritter (1948). The product was quite 
insoluble in water. Addition of hemicellulose resulted 
in a higher rate of fermentation of the hemicellulose 
but did not decrease the lag in the fermentation of 
cellulose over that found on the alfalfa diet (figure 4). 
Because of an inadequate supply of hemicellulose these 
supplements were added for only two days. The increase 
in the fermentation rate of hemicellulose was also lost 
{8 hours after the addition of the last supplement. 


80; 


40} 
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2 s a 5 6 7 
HOURS 
Fic. 4. The rates of fermentation of glucose, hemicellulose 
and cellulose by rumen fluid from a sheep on an alfalfa hay diet 
supplemented with hemicellulose as determined on two con- 
secutive days. 


DISCUSSION 

The results presented indicate that the microorganism 
population of the rumen is a dynamic one that responds 
rapidly to changes in diet. The peak in the fermenta- 
tion rate of added cellulose and hemicellulose may well 
have been passed before the increase was determined. 
No attempt was made to learn when the maximum 
rate was reached or how rapidly it declined after reach- 
ing the maximum. So many variables would be intro- 
duced by such a study that the interpretation of the 
results might be very difficult. 

It was noted, however, that the microscopic picture 
did not change significantly during the course of this 
study. The estimated numbers of bacteria were between 
20 and 30 billions per ml of fluid, and the predominat- 


ing morphological types were small single rods and 
cocci in pairs and clumps of 3 to 5. 


The indications are that the organisms capable of 
fermenting cellulose are also able to ferment hemi- 
cellulose since both rates of fermentation are increased 
by the cellulose supplement. All of the hemicellulose 
lementers, however, could not ferment cellulose, as 


indicated by the results following the addition of 
hemicellulose. 

The fermentative changes noted can be easiest ex- 
plained on the basis of rapid increases in the number 
of cellulose and hemicellulose fermenting bacteria in 
response to the relatively high concentrations of the 
introduced substrates and the survival of many of these 
organisms in the rumen for a period of several hours. 
The rapid decline in fermentation rates could have been 
due to a combination of factors, the most important of 
which were probably a decreased rate of multiplication 
of the cellulose and hemicellulose fermenting bacteria 
in the absence of the supplement, and the passage of 
these organisms along with the rest of the rumen con- 
tents into the lower digestive tract of the animal. 

The possibility of the changes being due to the 
accumulation in the rumen of higher than normal con- 
centrations of cellulase has not been ruled out, but 
there is no direct evidence for this theory. It does seem 
unlikely, however, when one considers the difficulty 
that has been encountered in the demonstration of 
extra-cellular cellulases from bacterial cultures. No 
examination of the rumen fluid for cellulase was made. 

The findings presented here, along with those of 
Walter (1952), who found similar results with starches, 
indicate that the rate of fermentation of various sub- 
strates in the rumen is not constant, but is subject to 
wide fluctuations following changes in the diet of the 
ruminant. The glucose fermentation rate and the basal 
rate did not change significantly during the course of 
the experiments which may indicate that they are 
relatively stable characteristics in the well-nourished 
animal maintained primarily on a hay diet. 

The procedure outlined has not been subjected to 
exhaustive tests to determine its limitations. It does, 
however, appear to have some possible applications in 
the evaluation of diets and dietary supplements with- 
out the necessity for prolonged feeding experiments. 
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SUMMARY 
A manometric procedure for evaluating the total 
activity of the rumen microorganisms on a single 
material has been developed and tested. By the use of 
this procedure it was found that the addition of cellu- 
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lose to the hay diet of a sheep increased the rate of 
fermentation of both cellulose and hemicellulose by 
the rumen fluid of the sheep. The addition of hemi- 
cellulose to the diet, however, increased the rate of 
hemicellulose fermentation but not that of cellulose. 
Both increases were lost 48 hours after stopping the 
diet supplementations. 
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The various screening methods available for isolation 
of antibiotic-producing organisms have been reviewed 
in the past (Waksman 1947). The most reliable of these 
methods has been the laborious isolation of micro- 
organisms, more or less at random, and the subsequent 
testing for antibiotic activity, either on solid or in 
liquid media. Other methods, such as the bacterial agar 
plate, the crowded plate, and the direct soil inoculation 
methods, are of questionable value. Attempts were 
made in the past to differentiate at an early stage be- 
tween antibiotic-producing organisms and nonproducers 
by inoculating a test organism directly on the plates in 
which the microorganism-rich substrate (such as soil) 
had been plated out. This inoculation was done either 
by spraying the test organism (Stansly 1947) on the 
surface of the plates or by flooding this surface with a 
water or agar suspension of the test organism. These 
methods have the disadvantages of being laborious and 
of giving only the activity against a single test organism 
on one medium. Another difficulty encountered in the 
screening of actinomycetes is that media selective for 
actinomycetes are not good for antibiotic production. 

Lederberg and Lederberg (1952) have described a 
method of replica plating and demonstrated its applica- 
tion in the selection of bacterial mutants. In the present 
note, the authors present a method of screening for 
antibiotic-producing organisms which is an adaptation 
of Lederberg and Lederberg’s method. 

This method permits selection, in a relatively short 
time, of isolates having the desired antagonistic proper- 
ties against various test organisms. 

1 Paper of the Journal Series, New Jersey Agricultural 
Experiment Station, Rutgers University, The State University 
of New Jersey, Department of Microbiology. 


On a medium selective for actinomycetes, such as an 
egg albumin agar (Waksman 1950) or Kenknight’s 
agar, (KenKnight 1939) a natural substrate, such as 
soil, can be plated out at high enough dilutions to give 
well-isolated colonies. By means of a sterile velveteen 
stamp, four or more replica plates on yeast extract 
dextrose agar (containing 20 ml of medium per plate) 
can be made of every suitable soil plate. 


TABLE 1. Comparison between antibiotic spectra determined by 
replica plate method and by standard cross-streak method* 


REPLICATE CROSS-STREAK INHIBITION ZONES 
CULTURE * . ; 

asi Candida | Bacillus | Escher- | Candida | Bacillus | Escher- 
albicans cereus ichia coli | albicans cereus ichia coli 

mm mm mm 

1 ++ + } = 13 6 0 

2 ++ + _ 13 29 5 

3 = = aes ++ 12 27 20 

4 se . ee = 15 32 5 


* Both tests run on yeast-dextrose agar. 
++ = strong inhibition. 

+ = weak inhibition. 

— = no inhibition. 


The velveteen stamps used in our laboratories were 
made by covering with a velveteen sheath heavy disks 
of glass 8.5 em in diameter and 1.5 em thick. Wooden 
handles were screwed on top of the glass disks to facili- 
tate handling of the stamps as transfers are made from 
one plate to another. The velveteen stamps were 
wrapped in paper and were sterilizedin the autoclave. 

After proper incubation (figure 1), one of these four 
replica plates is kept in the refrigerator for isolation 
purposes, and the contents of the other three are un- 
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molded upside down, with a flamed spatula, into large activity (figure 2) it can be isolated.for further studies 
(14 mm) sterile Petri dishes. The top of the unmolded from the plate kept in the refrigerator. 


PLATE l PLATE 2 








COLONY 1 


COLONY 2 
COLONY 3 


COLONY 4 





.PLATE 4 PLATE 6 


Fic. 1. Replica plating of soil plate rich in actinomycetes. Six replica plates were made on yeast dextrose agar. This pic- 
ture shows plates 1, 2, 4, and 6. Colonies 1, 2, 3, and 4 were isolated and their antibiotic spectra were determined (see figure 2 


and Table 1). 


COLONY 1 


COLONY 2 


COLONY 5 





COLONY 4 





Fig. 2. Effect of the actinomycetes of a replica plate on Candida albicans. The content of the plate has been unmolded up- 
side down. The positions of colonies 1, 2, 3 and 4 (figure 1) are reserved. They all have activity against C. albicans. 


agar can be seeded in each dish with a different test Table 1 shows that the “crude’”’ antimicrobial spec- 
organism and incubated. If any one of the colonies trum obtained by this method corresponds with the 
present in the soil plates has interesting antimicrobial more accurate spectrum obtained by cross-streaking. 
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Various modifications of this method are obvious. 
By use of the proper selective media, this method can 
be adapted to the screening of bacteria or fungi. Various 
solid media can also be compared for the production 
of the antibiotics. 


SUMMARY 


A time-saving method of screening for antibiotic- 
producing actinomycetes is described. The method, 
an adaptation of Lederberg and Lederberg’s replica 
plate method, permits the rapid recognition of anti- 
biotic-producers and gives a partial antimicrobial 
spectrum of a culture before the culture is actually 
solated. 
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INTRODUCTION 


The metabolic products (especially their quantita- 
tive estimation), which are produced by species of 
Escherichia and Aerobacter in media containing the 
higher polyhydric alcohols, have been the subject of 
little study. Several references may be found relative 
to the fermentation of mannitol, inositol, and dulcitol. 
Most investigators have dealt with the qualitative 
detection of the products formed by bacteria. 

Harden (1901) was one of the pioneers in the study 
of the fermentation of alcohols and sugars by genus 
Escherichia. He made a quantitative study of the 
products formed from several common sugars. Harden 
and Walpole (1906) reported a similar study with 
Aerobacter aerogenes by using media containing glucose 
and mannitol. Fred et al. (1919), Peterson, et al. (1924), 
and Gayon and Dubourg (1894) have reported the 
fermentation products produced from alcohols and 
sugars by certain pentose-fermenting bacteria. In this 
laboratory, Poe, Field, and Witt (1933) investigated 
the metabolic products produced by the Escherichia 
and Aerobacter species in a medium containing D-sorbi- 
tol. Their investigation showed little difference in the 
amounts of products formed by the two genera of 
bacteria. 


*For reprints address the junior author, University of 
Colorado, Boulder, Colorado. 


Hewitt and Steabben (1921), quoting an unpublished 
work of Harden, reported experiments with the fer- 
mentation of inositol. Meillere (1907) found that in- 
ositol under aerobic conditions is not attacked by 
FE. coli or Salmonella typhosa. Weiss and Rice (1917) 
found that inositol reacted negatively when tested with 
thirty strains of EF. cold. Six strains of A. aerogenes gave 
uniformly good gas production in inositol medium, 
whereas two strains of 2. acidi-lactict were tested and 
reacted negatively. Weldin and Levine (1923) found 
that inositol was usually not fermented by FL. neapoli- 
tana but was frequently fermented by A. aerogenes, 
A. oxytocum, and A. chinense, and rarely by A. cloacac 
and A. levans. Kumagawa (1922) found that the gas 
productions brought about by species of Aerobacter 
in inositol medium ceased in twelve days. In two days, 
the presence of acetic acid and lactic acid was detected. 
In addition, he found succinic acid to be present. 

The object of the present research was to study 
quantitatively the fermentation products produced by 
species of genus Escherichia and genus Aerobacter in 
media containing 7-inositol. 


METHODS AND PROCEDURE 


A large number of cultures was used in this study. 
These organisms were members of the genera [sche- 
richia and Aerobacter, and were isolated from waters 
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obtained from widely different sources in the United 
States and Canada, Poe (1931). 

The medium for the determination of the qualitative 
gas production was prepared by dissolving 0.5 gram of 
i-inositol and 8 grams of bacto-nutrient broth in 1 liter 
of water. This medium was adjusted to pH 7, placed in 
Durham fermentation tubes, 10 ml in each tube, and 
sterilized at a pressure of 10 pounds on each of two 
successive days. 

For the quantitative determination of the products 
of fermentation and pH changes, two media were used 
which were made by dissolving 1 and 5 grams of 7-in- 
ositol, respectively, and 8 grams of bacto-nutrient pep- 
tone in 1 liter of water. These media in 100 ml- and 
500 ml-amounts were placed in 250 ml and liter flasks, 
respectively, and sterilized at a pressure of 10 pounds on 
each of two successive days. Also, 50 ml-amounts of the 
medium containing 0.5 per cent 7-inositol were placed 
in Smith fermentation tubes and properly sterilized. 
These tubes were previously fitted at the top of the gas 
arm with a small bore glass tube which was sealed with 
ashort piece of rubber tubing containing a plug of solid 
glass rod. This arrangement was made in order to facili- 
tate the transfer of the gas from the Smith tubes to the 
burette used for the analysis of the gas. 

The following methods were used for the quantita- 
tive determination of the fermentation products: 


Analysis of Gases 


The apparatus employed for the gas analysis was 
designed by the United States Bureau of Mines, and is 
equipped with a gas burette having a total volume of 
21 ml, the last 6 ml of which were graduated to 0.01 ml 
divisions. The hot wire combustion chamber for the 
hydrogen determination was not employed in this work 
except at the end of. each analysis to test for other 
combustible gases; instead, a palladium oxide tube con- 
nected with a Hempel burette was used. This apparatus 
was found to be much more satisfactory than the former 
because of the small volume of gas analyzed. The 
fermentation tube was connected to the gas apparatus 
by clamping a Hoffman clamp on the rubber tube at- 
tached to the top of the gas arm, removing the glass 
plug, and attaching the rubber tube to the intake of 
the burette. Then 18 ml of air were drawn into the 
burette, followed by 3 ml of the gas, thereby filling the 
burette. The mixture was passed over into the KOH 
absorption chamber three successive times, and the loss 
in volume was noted and recorded as COs. The re- 
mainder of the gas was passed through the palladium 
oxide tube which had been heated with a small flame 
and was passed back and forth two or three times. The 
apparatus was allowed to stand until the contents had 
reached room temperature again; the gas then was 
drawn into the burette and the loss in volume noted 
and yecorded as H.O. The hydrogen was calculated 
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from the volume of water. The apparatus gave very 
satisfactory results, one hundred per cent analysis 
being not infrequent. 


Volatile Acids 
The fermentation liquid was made slightly acid with 
sulfuric acid, then an excess of 10 ml of 10 per cent acid 
was added. The mixture was subjected to steam dis- 
tillation, and the distillate was titrated with 0.1 N 
NaOH, phenolphthalein being used as an indicator. 


Formic Acid 


The distillate obtained in the determination of the 
volatile acids also was used to determine formic acid, 
by means of the reduction of HgCl. to HgeCl. 


Acetic Acid 
This acid was calculated from the results obtained 
for volatile acids and formic acid. Duclaux distillations 
also were made on each sample in order to recognize 
the volatile acids present. 


Alcohol 


Alcohol was determined by the regular distillation 
method. The percentage was calculated from the 
specific gravity and checked by means of the immersion 
refractometer. 


Succinic Acid 


The residual liquid obtained in the distillation of 
volatile acids was submitted to continuous extraction 
with ether for twelve hours. The succinic acid was 
determined by the precipitation of barium succinate 
in a 75 per cent alcoholic medium and by the subse- 
quent determination of the barium as BaSQ,. 


Lactic Acid 


This acid was determined from the barium lactate 
in the alcoholic filtrate obtained in the succinic acid 
determination and was weighed as BaSQ,. 


EXPERIMENTAL 


The Durham fermentation tubes were inoculated 
separately with a large number of organisms belonging 
to the genera Escherichia and Aerobacter and then in- 
cubated at 37C. Previous to the inoculation, each 
culture was kept in a vigorous state of growth by means 
of daily transfers for at least one week. Gas readings 
of each culture were taken at regular intervals during 
144 hours. The gas readings for some of the organisms 
are recorded in table 1. 

The flasks containing the 0.5 per cent 7-inositol 
medium and the Smith fermentation tubes were 
inoculated with several organisms and incubated at 
37 C for the desired length of time. After 72 hours, 
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the gases were analyzed. The other products of fer- 
mentation were determined after 96 hours’ incubation, 
according to methods previously outlined and used in 
other investigations (Poe et al., 1933). The results 
are listed in tables 2 and 3. 


TABLE 1. Percentage gas production in a medium 
containing i-inositol 


NUMBER 


SPECIES OF 8 HRS. 24 HRS. 48 HRS. 96 HRS. = 
CULTURE 7 
E. coli 12 0 0 0 0 0 


37 0 0 0 0 0 
72 0 0 0 0 0 
96 0 

176 0 0 0 0 0 
375 0 0 0 0 0 
432 0 0 0 0 0 


438 0 0 0 0 0 

E. paragruenthali 64 0 0 0 0 0 
92 0 0 0 0 0 

187 0 0 0 0 0 

E. formica 8 0 0 0 0 0 
} 0 0 0 0 0 

53 0 0 0 0 0 

184 0 0 0 0 0 

E. gruenthali 229 0 0 0 0 0 
E. anaerogenes 228 0 0 0 0 0 
E. enterica 26 0 0 0 0 0 
E. vesiculiformans 65 0 0 0 0 0 
188 0 0 0 0 0 

E. communtor 3 0 0 0 0 0 
20 0 0 0 0 C 

28 0 0 0 0 0 

50 0 0 0 0 0 

E. pseudocoloides 68 0 0 0 0 0 
E. anindolica 32 0 0 0 0 0 
52 0 0 0 0 0 

219 0 0 0 0 0 

A. aerogenes 17 0 2 15 20 15 
75 0 0 7 15 20 

87 0 2 20 25 20 

123 0 6 25 25 20 

135 0 7 15 20 15 

287 0 7 25 25 20 

A. oxytocum 56 0 10 25 25 20 
91 0 10 30 30 30 

A. chinense 227 0 5 20 20 20 
A. cloacae 5 0 0 0 0 0 
60 0 0 0 0 0 

100 0 0 0 0 0 

155 0 0 0 0 0 

A. levans 19 0 0 0 0 0 
161 0 0 0 20 20 

373 0 0 0 20 15 


The flasks containing 500 ml of the 0.1 and 0.5 per 
cent media were inoculated with cultures of several 
species of Escherichia and Aerobacter and incubated 
at 37 C. Small amounts of the liquid were withdrawn, 
and the pH values were determined every hour after 
inoculation until the maximum acidity had _ been 
reached. Determinations were made thereafter at 12- 


hour intervals. The pH values were determiiied by 
means of a hydrogen-electrode-potentiometer appz. 
ratus, especially adapted for quantities of liquids les 


TABLE 2. Fermentation products in i-inositol medium 


Gas-Producing Aerobacter Cultures 


AEROBACTER AEROGENES AERO- AERO- AEROBACTER 
BACTER | BACTER LEVANS 
OXY- CHI- 
123 135 Bis ah: 2 
ml ml ml ml ml m m 
CO,.* 7.5 | 11.5 | 10.0 | 39.5 | 10.0 9.01. 38 
H.* 32.5 | 52.5 | 54.0 | 80.5 | 30.0 | 33.3 | 290 
Volatile acidt 9.6 9.6 | 11.4 9.4 9.6 | 10.0 100 
mg mg mg mg mg meg me 
Formic acidt 1 i Trace Trace) 1 2 l 
Acetic acidt 56 56 68 56 56 56 58 
Succinie acidt 12 13 19 18 13 6 7 
Lactic acidt 7 7 9 8 18 15 17 
Ratio volatile/ | 3.0 | 2.9; 2.4) 2.2 LS i 28:3) 25 
non-volatile 
acids 
Acetic/suc- 4.7); 4.3) 3.6] 3.1 4.3) 9.31 83 
cinic 
Acetic/lactic 8.0 8.0 7.6 7.0 3.4 2.7 | 3a 
Alcohol 0 0 0 0 0 0 0 


* Volume in ml formed in a Smith fermentation tube 

7 Amount of 0.1 N alkali used to neutralize the acid from| 
gm of inositol 

t All of the values in mg are on the basis of 1 gm of inosito 


TABLE 3. Fermentation products in i-inositol 
medium 


Non-Gas-Producing Escherichia and Aerobacter 


Cultures 
AEROBACTER ESCHERICHIA ESCHERICHIA 
CLOACAE COMMUNIOR co_Li 
5 155 3 50 438 442 
ml ml ml ml ml ” 
Volatile acid* 731 BA 2:2; 3.9 1.8) 2.1 
mg mg mg mg H mg mg 
Formic acidf 2 1 Trace 1 1 l 
Acetic acidt 44 49 13 16 9 1 
Succinic acidt 4 3 3 2 2 3 
Lactic acidt 7 10 12 10 12 y 
Ratio, Volatile/non- 4.2; 3.8); 02 1.4 0.7 1.2 
volatile 
Acetic/Succinic 11.0} 16.3 | 4.3) 8.0] 4.5) 37 
Acetic/lactic 6.3 | 4.9 La 1.6; 0.8) 12 
Alcohol 0 0 0 0 0 0 


* Amount of 0.1 N alkali used to neutralize the acid from!f 


gm of inositol 
+ All of the values in mg are on the basis of 1 gm of inosit’ 


than 10 ml. The pH values for FL. coli and E. communi 
were very similar; therefore, the values for the latte 
organism are not recorded in this publication. Thef 
graphic representation of the values for one culture Of 
E. coli in media containing 0.1 per cent and 0.5 per cell 
inositol is given in figure 1. Figure 2 gives the pH curve 





when .1 
Figure + 
ina 0.¢ 


PH vawes 


ae 
60}-— 


o— 





Fig. | 
culture | 


PH velves 
a N 
QO S 
Ww" 
| | 


a 
S 
| 


hay 
a 





L 
0 


Fig. | 
culture | 


9.5-— 


@ @ © 
S GH S 


GQ 


PH valves 
_ N 


r A 


a 
a) 





Fig. 
cultures 
i-inosite 


) of the 
bof A. ¢ 








1 by 
ippa- 
5 less 


ACTER 
ANS 


e 


from | 


LoOsito 


RICHIA 
LI 


fron |F 


nositi 


nuUnio 


latte E 
. The 


ure OF 


> cell 
curve: 

















































































































when .1. aerogenes was grown in the two inositol media. 
Figure 3 gives the curves for A. cloacae and A. levans 
in a 0.5 per cent medium. 
TT 
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Fig. 1. Curves showing the changes in pH values when a 
culture of E. coli is grown in 7-inositol media. 
9.0 T T T T 
| | | — 
. a aa aia ns a eh 
I 
| | | 
are lmaes Manan 1 = 
io | 
ee ee ee 
y | I. 0.1 per cent inositol medium. 
+ 720k + —— oe 
N \ | IC 0.5 per cent inositol medium. 
| 
465 / | 
60 ———_— t | 
s\—— = - ee | = eS | : } 
ry 
50 1 - amet , 
0 I 30 45 60 75 90 105 120 (35 IS 165 26 
——Hours 
Fic. 2. Curves showing the changes in pH values when a 
culture of A. Aerogenes is grown in 7-inositol media. 
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Fic. 3. Curves showing the changes in pH values when 
cultures of A. Cloacae and A. levans are grown in 0.5 per cent 
»i-inositol medium. 
DiIscussIOoN 
Gas production in inositol medium with members 
jot the Escherichia group is negative (table 1). Cultures 
jof A. aerogenes, A. oxytocum, A. chinense, 2nd two out 
i 
3 
4 
E 


BACTERIAL FERMENTATION OF 7-INOSITOL 


115 


of three cultures of A. levans showed positive gas pro- 
duction in inositol medium. Cultures of A. cloacae gave 
negative results as far as gas was concerned. 

The amounts of the different acids were fairly uni- 
form with those species of the genus Aerobacter which 
produced gas in inositol medium. Acetic acid ran from 
56 to 68 mg for one gram of inositol. The succinic acid 
varied from 6 to 19 mg. and the lactic acid from 7 to 
18 mg. The ratio, volatile to non-volatile acids, varied 
from 1.8 to 3.0. For the species of Aerobacter and 
Escherichia which gave no gas production in inositol 
medium, the amount of the different acids varied within 
wide limits—the acetic from 9 to 49 mg, the succinic 
acid from 2 to 4 mg, and the lactic acid from 7 to 12 mg; 
and the ratio, volatile to non-volatile acids, from 0.7 
to 4.2. The cultures of A. cloacae gave much greater 
quantities of acetic and succinic acids than did cultures 
of FE. coli and E. communior. There was no alcohol 
produced by any of the species tested. 

A study of the pH curves in figures 1, 2, and 3 shows 
that cultures of FE. coli, A. cloacae, and A. levans were 
very similar, each reaching a minimum pH of about 6.5 
in from 6 to 10 hours and then increasing during the 
next 200 hours to a value over 8.5. The pH value 
reached a slightly lower value for A. cloacae than for 
A. levans. The curves for EF. coli grown in 0.1 per cent 
and 0.5 per cent inositol media follow each other very 
closely (figure 1). The curve representing the growth of 
E. coli in the 0.1 per cent medium did not reach so low 
a value in the acid range or so high a value in the basic 
range as in the 0.5 per cent medium. With A. aerogenes 
(figure 2) in a medium containing 0.5 per cent inositol, 
the minimum pH value of 5.3 was reached in about 
40 hours. The curve ascended until a pH value of 8.5 
was reached in 180 hours. In the medium containing 0.1 
per cent inositol, the minimum pH value was 6.4 and 
the maximum was 8.7. 


SUMMARY 


The quantitative amounts of the fermentation prod- 
ucts produced by species of Escherichia and Aerobacter 
were determined in a medium containing 7-inositol. 

The progressive changes in pH values were studied. 

The species of the genus Escherichia and A. cloacae 
showed no gas production and produced smaller 
amounts of acids than were produced by A. aerogenes, 
A. oxytocum, A. chinense, and A. levans. 

The fermentation products produced by the two 
genera cannot be used to differentiate the species of 
the two genera. 
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